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SUMMARY 


This  report  contains  the  results  of  a  wind  tunnel  and  thrust  stand  data 
correlation  and  characteristics  generation  program  using  data  from  tests 
of  the  U.S.  Army  XV-5A  Lift  Fan  Research  Aircraft.  The  program  efforts 
were  limited  to  the  lift  fan  mode  of  operation  and  were  restricted  to 
correlation  of  longitudinal  test  results  and  to  de  elopment  of  longitu¬ 
dinal  stability  characteristics  for  calculated  flight  conditions. 

Data  from  five  wind  tunnel  programs  provided  the  primary  basis  for  the 
work;  flight  test  data  were  excluded  from  the  effort. 

The  majority  of  the  data  correlation  work  was  performed  utilizing  results 
from  the  Ryan  l/6-scale  and  NASA  full-scale  model  tests  which  had  been 
conducted  during  the  period  of  aircraft  development.  Correlation  was 
limited  primarily  to  wing-body  characteristics.  Where  possible,  correc¬ 
tions  for  configuration  differences  were  developed,  and  the  effects  of 
dynamic  dissimilarity  of  the  fan  systems  were  evaluated  in. the  data  com¬ 
parison  effort.  Finally,  wind  tunnel  wall  corrections  were  applied  to 
the  full-scale  data. 

Correction  factors,  although  not  complete  and  often  questionable,  almost 
exclusively  reduced  differences  in  the  characteristics  from  the  two  models, 
but  generally  accounted  for  less  than  half  the  difference  exhibited  by 
the  unecrrected  data.  In  general,  disparity  between  the  two  sets  of  data 
increased  with  increase  in  flight  speed.  Good  correlation  of  incremental 
effects  of  louver  vector  and  stagger  resulted  from  comparison  of  louver 
effectiveness.  Correlation  of  angle-of-attack  derivatives  was  good  ex¬ 
cept  for  pitching  moment  below  approximately  55  knots. 

Application  of  tunnel  wall  corrections  did  not  yield  clearly  defined  re¬ 
sults;  the  correlation  study  did  not  yield  conclusive  results  concerning 
scale  effects. 

Expressions  for  the  longitudinal  stability  derivatives  for  the  XV-5A  were 
developed,  and  numerical  values  of  the'  derivatives  were  calculated  for 
various  determined  equilibrium  flight  conditions  in  ^he  fan  mode.  Fair 
quantitative  agreement  was  obtained  from  comparison  of  calculated  sta¬ 
bility  derivatives  and  those  obtained  during  static  and  dynamic  testing 
of  the  NASA-Langley  0.18-scale  model. 

The  scope  of  the  correlation  effort  was  adjusted  from  that  originally 
planned  as  several  unexpected  problems  developed  during  the  program. 
Comparative  investigation  of  results  from  the  two  NASA-Ames  full-scale 
model  test  programs  eventually  removed  from  further  consideration  the 
test  with  the  ground  board  installed.  Further,  expected  data  from  force 
tests  of  the  NASA-Langley  0.l8-scale  XV-5A  model  were  not  made  available 
to  the  program.  The  0.l8-3cale  model  tests  had  been  conducted  in  three 
different  wind  tunnel  test  sections  for  the  specific  purpose  of  evalua¬ 
tion  of  tunnel  wall  effects,  but  a  low  level  of  confidence  developed 
during  revaluation  of  the  data  prior  to  release  to  Ryan.  Additionally, 
wing-body  correlation  efforts  using  the  NASA  full-scale  and  Ryan  1/6- 
scale  model  data  were  not  as  successful  as  originally  anticipated, 
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thereby  justifying  no  similar  attempt  to  correlate  complete  model  results. 

Despite  the  limiting  of  the  correlation  effort,  it  is  felt  that  the  work 
reported  herein  is  contributory  to  solutions  of  the  problem  of  acquiring 
accurate  development  test  data.  The  complexities  of  the  aerodynamic- 
propulsion  test  programs  investigated  typify  those  encountered  in  V/STOL 
aircraft.  It  is  felt  that  the  material  given  here  will  be  instructive 
to  the  research  engineer  or  scientist  who  is  working  to  develop  improved 
testing  techniques  as  well  as  the  serodynamicist  desirous  of  obtaining 
reliable  design  data. 


FOREWORD 


This  report  presents  the  result  of  efforts  to  correlate  data  for  the  XV-5 
VTOL  aircraft  configuration,  including  small-scale  and  full-scale  vind 
tunnel  investigations  and  vind  tunnel  and  thrust  stand  tests  of  the  actual 
aircraft..  The  vork  vas  performed  for  the  U.S.  Army  Aviation  Materiel  Lab¬ 
oratories,  under  Contract  Number  DA  I{li-177-AMC-456(T) . 

Mr.  Richard  L.  Scharpf  vas  the  Contracting  Officer's  Representative  at  the 
start  of  the  program,  with  these  responsibilities  being  taken  over  later 
in  the  program  by  Mr.  Robert  P.  Smith.  Mr.  C.  T.  Turner,  Jr.,  vas  the 
Project  Engineer  for  the  Contractor. 

The  Ryan  Aeronautical  Company  vishes  to  express  its  gratitude  to  the  NASA 
personnel  at  Ames  Research .Center  and  Langley  Research  Center  vbo  assisted 
in  providing  a  significant  portion  of  the  data  assembled  in  this  effort. 

The  authors  vish  to  acknovledge  the  specialized  program  efforts  of  Messrs. 
W.  B.  Davis,  D.  G.  Schattschneider ,  and  E.  G.  Sevigny,  who  are  also  con¬ 
tributors  to  this  report. 
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Horizontal  stabilizer  incidence  angle,  deg 
A  constant 

Horizontal  tail  induced  drag  factor 

Hose  fan  lift  ratio,  I^/T 

Lift  force,  lb 
Equilibrium  lift,  lb 

Distance  along  the  body  X-axis  from  the  model  c.g.  to  the 
a.c.  of  the  horizontal  tail,  ft 

Pitching  moment,  ft-lb 

Mass  flow  rate,  slugs/sec 

Normal  force  along  body  Z-axis,  lb;  fan  rotational  speed, 
RPM;  or  model  geometric  scale  factor 

Stream  tube  contraction  ratio;  the  ratio  of  final  induced 
velocities  in  far  wake  to  initial  induced  velocities  at 
model.  Assumed  to  be  unity. 

Hypothetical  power  delivered  to  the  fans  from  both  engines, 
ft-lb/sec 

2 

Freestream  dynamic  pressure,  1/2 PV  ,  lb/sq  ft;  or  pitch 
rate,  rad/sec 

T 

Slipstream  dynamic  pressure,  q  +  ~r —  ,  lb/sq  ft 
Fan  Radius,  ft 

Reference  area,  sq  ft.  Unsubscripted  symbol  refers  to 
wing  area 


Gross  fan  thrust,  rotor  or  propeller  thrust,  lb 
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Wing  fan  thrust  coefficient,  T  /qSA_ 

*  ooc  u  T 

Nose  fan  thrust  coefficient,  (T  /qSA),_ 

*  o  *  NF 

Nose  fan  static  gross  thrust,  lb 

Wing  fan  static  gross  thrust  with  3^=0  and  3s=0  ,  lb 
Time,  sec 

Total  velocity  in  direction  of  body  X-axis,  ft /sec 

Longitudinal  perturbation  velocity,  ft/sec 

Total  velocity  along  the  flight  path,  ft/sec  or  kn 

Total  velocity  in  direction  of  body  Z-axis,  ft/sec; 
or  weight,  lb 

Engine  airflow,  p>/sec 

Vertical  perturbation  velocity  along  body  Z-axis,  ft/sec 

Reference  velocity,  ~(L/npAf,)1'/2,  ft/sec 

Longitudinal  force  with  respect  to  body  axes,  lb 

Longitudinal  distance  from  the  c.g.  to  the  line  of 
action  of  normal  force  N,  ft 

Longitudinal  distance  between  the  wing  fan  hub  center- 
line  and  the  line  of  action  of  normal  force  N,  ft 

Longitudinal  distance  between  the  c.g.  and  the  center- 
line  of  the  wing  fans ,  ft 

Fuselage  station  of  model  c.g.,  ft 

Longitudinal  distance  from  the  c.g.  to  the  center- 
line  of  the  nose  fan,  ft 

Fuselage  station  of  wing  fan  centerline,  ft 

Vertical  force  with  respect  to  body  axes,  lb 

Distance  along  the  body  Z-axis  from  the  model  c.g.  to 
the  line  of  action  of  longitudinal  force  X,  ft 
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Distance  along  the  body  Z~axis  from  the  c.g.  to  the  a.c.  of  the 
horizontal  tail,  ft 

Angle  of  attack,  deg  or  rad 

Interference  angle  due  to  wind  tunnel  boundaries,  deg  or  rad 
Wing  fan  exit  louver  angle,  deg 
Exit  louver  stagger  angle,  deg 

Exit  louver  vector  angle,  deg 


Y 

A 


pfd 


e 
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Ratio  of  wind  tunnel  width  to  wind  tunnel  height,  B/H 
Increment 

Control  deflection  measured  in  deg  or  in.; general  interference 
factor;  or  ambient  pressure  ratio 

Nose  fan  thrust  reverter  door  deflection,  measured  from  the 
closed  position,  deg 

Average  dcwnwash  angle  at  the  horizontal  tail,  deg 

Ratio  of  wind  tunnel  semiheight  to  height  of  model  above  the 
wind  tunnel  floor,  H/h 

Ratio  of  lateral  distance  between  model  center  and  right-hand 
side  of  wall  (viewed  from  behind)  to  semiwidth  of  wind  tunnel, 
b'/B 

Dynamic  pressure  ratio  at  the  horizontal  tail, 


P 

o 

X 


^eff 


Pitch  angle,  rad  or  deg;  or  ambient  atmosphere  absolute 
temperature  ratio 

Mass  density  of  air,  slugs/cu  ft 

Ambient  atmosphere  density  ratio 

Wake  skew  angle,  measured  between  the  positive  Z-axis  and  the 
wake  centerline,  deg 

Effective  wake  skew  angle,  45°  +  deg 
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w  Angular  velocity  o?  model  oscillatory  drive  system,  rad/sec;  or 

fan  rotational  velocity,  rad/sec 

NOTE:  A  dot  above  a  symbol  denotes  the  differentiation  of  the  symbol 
with  respect  to  time. 

SUBSCRIPTS 

avg  Average 

c  or  corr  Corrected 
c.g.  or  eg  Center  of  gravity 
D  Drag 

d  Aileron  droop 

E  Equivalent 

e  Elevator 

F  Wing  fans 

FS  Full-scale 

f  Wing  trailing  edge  flap 

g  Gas  generator 

i  Induced 

INT  Interference 

j  Fan  exit 

L  Lift 

m  Model 

max  Maximum 

NF  Nose  fan 

o  Initial,  zero,  or  reference  condition 

ooo  Zero  speed,  zero  vector,  zero  stagger 

P  Constant  power 

pfd  Pitch  fan  door 
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cl 

CVAL 

EAFB 
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San  drag 
Stagger 

Collective  lift  stick  position 
Longitudinal  control  stick  position 
Total;  or  tunnel 
kt  Horizontal  tail 

Longitudinal  induced  velocity 
Ifcrtriinsed 

Longitudinal  interference  velocity  due  to  drag 
Longitudinal  interference  velocity  due  to  lift 
Vector;  or  vertical  stabilizer 

v  Wing 

Wing-body  combination  alone 
Wing  fan 

Vertical  induced  velocity 

Vertical  interference  velocity  due  to  drag 

Vertical  interference  velocity  due  to  lift 

ABBREVIATIONS 

Aerodynamic  center 
Buttline 

or  eg  Center  of  gravity 
Chord  line 

Convair  Aeronautical  Laboratory 

✓ 

Edwards  Air  Force  Base 
Effective 
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F.S. 

Fuselage  station 

KN  or  KTS 

Knots 

L.E. 

Leading  edge 

MAC 

Mean  aerodynamic  chord 

max 

Maximum 

ref 

Reference 

RPM 

Revolutions  per  minute 

S.L. 

Sea  level 

STA. 

Station 

Std. 

Standard 

T.E. 

Trailing  edge 

Var. 

Variable 

WB 

Wing-body 

W.L. 

Waterline 
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1.0  INTRODUCTION 


Aerodynamic-propulsion  characteristics  obtained  by  means  of  wind  tunnel 
testing  for  V/STOL  aircraft,  or  aircraft  which  depend  on  power  for  the 
generation  of  lift,  may  require  fairly  large  corrections  to  represent  the 
flight  vehicle.  The  nature  of  these  corrections  is  not  clearly  estab¬ 
lished.  The  large  turning  angles,  the  wake  of  the  propulsion-lift  system, 
and  the  large  differences  in  the  flow  field  across  various  parts  of  the 
model  render  the  normal  wind  tunnel  corrections  inadequate  for  this  type 
of  testing.  Various  research  programs  ha  2  been  undertaken  by  such  people 
as  Messrs.  H.  Heyson  of  NASA- Langley  Reset  h  Center  and  William  Rae  of 
the  University  of  Washington  in  an  effort  t.  ^velop  suitable  corrections 
or  to  establish  the  limitations  of  present  cox rec cions.  These  efforts, 
though,  have  dealt  almost  exclusively  with  small-scale  model  data.  To 
date,  there  has  been  very  little  opportunity  to  compare  small-scale  wind 
tunnel  model  data  for  a  V/STOL  configuration  with  comparable  full-scale 
data.  One  notable  exception  to  this  has  been  afforded  by  the  development 
program  of  the  XV-5A  aircraft. 

The  XV-5A  is  a  lift  f ?  i-type  aircraft.  It  is  supported  in  hovering  and 
low-speed  flight  by  tvo  tip-turbine  lift  fans,  one  of  which  is  buried  in 
each  wing.  A  third  fan  is  located  in  the  nose  for  low-speed  trim  and 
pitch  control.  Low-speed  control  about  the  other  two  axes  is  accomplished 
by  modulating  the  magnitude  or  direction  of  the  thrust  vectors  of  the 
wing  fans. 

In  the  course  of  development  of  the  XV-5A  aircraft ,  three  small-scale 
models  and  one  full-scale  model  underwent  wind  tunnel  investigations. 

In  addition,  the  actual  aircraft  was  tested  in  a  full-scale  tunnel  and 
on  a  static  thrust  stand  as  well  as  with  an  exhaustive  flight  test  pro¬ 
gram. 

With  this  quantity  of  data  available,  it  was  felt  that  significant  in¬ 
sight  could  be  0ained  into  the  problems  and  limitations  of  wind  tunnel 
testing  for  the  development  of  V/STOL-type  aircraft.  Accordingly,  Ryan 
was  awarded  a  contract  by  the  U.S.  Army  to  assemble  this  data  and  to 
correlate  the  data  from  the  various  sources,  utilizing  configuration, 
tunnel  wall,  and  power  corrections  as  deemed  advisable.  This  effort  was 
limited  to  correlation  of  wind  tunnel  results,  therefore  excluding  flight 
uest  data.  An  additional  objective  of  this  program  was  to  establish  the 
performance  characteristics  and  the  longitudinal  stability  and  control 
derivatives  suitable  for  a  three-degree-of-freedom  simulation  of  the 
X1 -5A  aircraft  based  on  the  results  of  the  data  correlation  effort.  The 
specific  objectives  of  this  !  tudy  are  itemized  below. 

I.  Examine  the  adequacy  of  wind  tunnel  and  thrust  stand 
testing  techniques  used  in  previous  XV-5A  fan  mode 
tests  and  the  accuracy  of  the  data  derived  therefrom. 


1 


~  vestigate  the  effect  of  model  geometric  and  lift 
fan  flow  differences  on  data  correlation  and  in¬ 
vestigate  methods  for  correction. 

3.  Evaluate  existing  wind  tunnel  wall  correction  tech¬ 
niques  for  applicability  and  suitability  in  aiding 
correlation  of  data. 

k.  Develop  aircraft  speed-power  trim  characteristics 
and  static  longitudinal  stability  and  control 
derivatives . 

5.  Identify  need  for  additional  wind  tunnel  tests  to 
fill  in  data  gaps,  if  required. 

6.  Collect  and  catalog  available  XV-5A  fan  mode  wind 
tunnel  and  thrust  stand  data. 

7.  Identify  and  examine  all  test  conditions  and  test¬ 
ing  techniques  used,  such  as  model  and  tunnel  test 
section  geometric  relationships,  test  section  flow 
distortion  and  turbulence  levels,  method  of  model 
support,  data  point  stabilization  time,  and  static 
test  procedure. 

8.  Identify  and  examine  data  acquisition  system  accu¬ 
racies  such  as  force  balance  accuracies  in  terms  of 
repeatability  and  resolution,  power  measurement 
accuracy,  recording  or  display  instrument  accuracies, 
and  stability  of  reference  voltages. 

9.  Identify  and  examine  all  correction  factors  used, 
such  as  standard  wind  tunnel  wall  and  tare  and  in¬ 
terference  corrections . 
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2.0  DATA  AVAILABLE 


2.1  TEST  PROGRAMS 

The  development  of  the  U.S.  Army  XV-5A  V/STOL  aircraft  was  supported  by 
powered  and  unpowered  small-scale  model  wind  tunnel  tests,  wind  tunnel 
tests  of  a  full-scale  model,  wind  tunnel  tests  of  the  acttial  aircraft, 
and  thrust  stand  tests  of  the  actual  aircraft.  In  addition,  a  0. 18-scale 
model  of  the  XV-5A  was  built  by  NASA-Langley  for  use  in  several  NASA  in¬ 
vestigations.  This  model  was  free-f light  tested  in  the  full-scale  tunnel 
and  was  force  tested  in  three  different  test  sections,  including  the 
30-x-60-foot  full-scale  test  section.  Data  were  obtained  for  the  XV-5A 
configuration  through  a  total  of  12  separate  test  programs,  exclusive 
of  actual  flight  test. 

Since  the  models  were  designed  and  built  at  various  times  during  the 
development  of  the  actual  aircraft,  each  of  them  differed  from  the  final 
aircraft  configuration  to  some  degree.  The  initial  intent  was  to  use  the 
0.18-scale  Langley  data  as  the  basic  data  for  correlation,  since  it  most 
nearly  represented  the  XV-5A  aircraft  configuration  and  since  it  was  the 
only  powered  model  data  where  one  model  had  been  tested  in  more  than  one 
test  section.  Data  from  other  programs  would  require  more  configuration 
corrections,  but  would  supplement  the  basic  data. 

2 • 2  ORGANIZATION  OF  CORRELATION  EFFORT 

With  the  numerous  data  sources,  the  many  corrections  to  be  made,  and 
considering  the  primary  and  secondary  objectives  of  the  program,  there 
were  more  than  the  usual  number  of  ramifications  to  be  considered  in 
organizing,  scheduling,  and  coordinating  the  work  flow.  This  work  flow 
and  the  breakdown  of  major  tasks  can  best  be  described  diagrammatically, 
as  in  Figure  1. 

As  collection  and  cataloging  of  data  were  started,  work  was  also  started 
on  the  study  of  wind  tunnel  wall  corrections,  and  on  the  development  of 
the  equations  for  the  longitudinal  dimensional  stability  derivatives.  As 
may  be  seen  from  Figure  1,  the  results  of  each  area  of  effort  directly 
supported  a  subsequent  step.  Following  the  collection  and  cataloging  of 
the  data,  they  were  screened  for  accuracy  and  general  suitability  for  use 
in  actual  correlation  effort.  These  data  then  had  to  be  reduced  to  a 
common  coefficient  system  and  plotted  in  a  comparable  manner  before  final 
selection  of  data  to  be  correlated  could  be  made.  As  the  data  collection 
and  cataloging  was  proceeding,  a  list  of  parameters  was  established  for 
which  data  correlation  would  be  attempted.  A  list  of  the  longitudinal 
stability  and  control  derivatives  that  would  be  required  for  a  longitu¬ 
dinal  three-degree-of-freedom  small  perturbation  study  was  also  drawn  up. 
The  list  of  parameters  for  correlation  is  shown  in  Table  I  along  with  the 
data  sources  thought  to  be  available  for  •inch  parameter.  The  list  of 
stability  and  control  derivatives  was  the  same  as  that  which  is  presented 
in  Appendix  II  of  this  report.  The  status  of  the  0.18-scale  model  data 
was  not  known  at  the  time  the  table  was  preoared. 
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Figure  1.  Organization  of  Data  Correlation  Effort, 


Vs. 


The  review  of  tunnel  wall  correction  methods  led  to  the  establishment 
of  the  actual  tunnel  wall  correction  factors  to  be  used  for  each  '■est 
program  to  be  included  in  the  correlation  effort. 

The  trimmed  transition  was  to  be  analyzed  using  the  correlated  data. 

Based  on  this  trimmed  transition,  the  correlated  data,  and  the  equations 
that  had  been  developed,  the  XV-5A  performance  and  longitudinal  stability 
derivatives  were  to  be  calculated. 

As  the  work  progressed,  it  became  necessary  to  deviate  from  this  approach 
in  some  respects  due  to  the  unavailability  of  some  data  and  unexpected 
problems  encountered  during  the  correlation  effort.  The  actual  procedures 
followed  are  discussed  in  Sections  4.0,  5.0  and  6.0. 

o 

2.3  MODEL  DESCRIPTIONS 

The  characteristics  of  the  XV-5A  aircraft  and  the  models  whose  data  were 
used  in  this  study  are  described  below.  The  geometric  variations  of  the 
models  and  the  XV-5A  aircraft  are  listed  in  Table  II. 

2.3. i  RYAN  1 /8-SCALE  CONVENTIONAL  MODEL  (NO  FANS) 

General  Dynamics  Convair  (CVAL)  Test  3^3,  6-19  June  1962. 

General  Dynamics  Convair  (CVAL)  Test  3^3AS  21-27  August  1962. 

Wing  Span  *  3.729  feet. 

The  model  consisted  of  a  wing  equipped  with  single-slotted-type  flaps, 
ailerons  and  removable  inserts  for  wing-fan- inlet  cover  and  wing-fan- 
exit  louver  surface  simulation,  fuselage  with  intake  duct  internal  sim¬ 
ulation  for  two  General  Electric  J-85  gas  generators,  a  "Tee"~type 
empennage  with  rudder  and  elevators,  and  a  tricycle  landing  gear  with 
simulated  doors.  The  model  was  constructed  so  that  the  wing  and  fuse¬ 
lage  could  be  tested  separately  and  interference  effects  obtained  for 
component  buildup. 

The  right-hand  wing  and  fuselage  were  equipped  with  pressure  orifices 
to  obtain  pressure  profile  data.  The  right  aileron,  right  elevator,  and 
the  rudder  balance  cavities  were  equipped  with  pressure  orifices.  Only 
the  aileron  and  elevator  balance  cavities  had  precsure  seals.  Pressures 
were  read  directly  through  scanivalves  with  pressure  transducers  in¬ 
stalled  inside  the  fuselage. 

Number  150  Carborundum  grit  was  used  on  the  model  in  a  predetermined 
pattern  to  fix  transition  of  the  boundary  layer  during  the  test  except 
for  a  few  runs  involving  a  grit  study. 

All  control  surfaces  were,  adjusted  manually  prior  to  a  given  run. 
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TABLE  II.  XV- 5 A  AND  MODEL  GEOMETRY 


Physical  Characteristics  Units  XV-5A  1/6-Scale  0.l8-Scale  Full-Scale 
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General  Dynamics  Convair  (CVAL)  fast  344,  5-iO  July  1962. 

General  Dynamics  Convair  (CVAL)  Test  344a.  7  September ~l6  October  1962. 
Wing  span  =  4.972  feet. 

The  model  consisted  of  a  wing  equipped  with  single-siottsd-type  flaps, 
ailerons,  and  a  lift  fan  unit  mounted  in  tne  inboard  section  of  each  wing; 
a  fuselage  with  a  pitch  control  fan  mounted  in  the  nose;  a  ,!Tee"-type 
empennage  with  movable  rudder  and  horizontal  stabilizer;  and  a  main  land¬ 
ing  gear  with  simulated  doors,  but  no  nose  gear. 

Each  wing  fan  unit  consisted  of  a  36-blade  rotor,  a  55-blade  exit  stator, 
a  bellmouth  inlet,  and  a  gearbox  centered  by  three  supporting  struts  90 
degrees  apart.  Each  wing  fan  unit  was  driven  by  a  32-horsepower  electric 
motor  attached  to  a  gearbox  and  mounted  within  the  fuselage.  The  motor- 
to-fan  gear  ratio  was  1.46:1.0.  The  exit  louver  assembly  consisted  of  13 
movable  louvers  attached  to  the  lower  frame  of  the  fan  unit.  The  odd- 
numbered  louvers  were  remotely  controlled  by  a  screw-type  actuator  mounted 
within  the  fuselage.  The  even-numbered  louvers  were  connected  to  the 
driven  louvers  by  calibrated  links  to  provide  exit  louver  stagger. 
Butterfly-type  closure  doors  were  attached  to  the  wing  upper  surfaces  by 
means  of  chordwise  struts  on  the  wing  fan  centerline  3 .  The  doors  were 
set  manually.  The  right-hand  wing  fan,  motor,  and  gearbox  assembly  were 
mounted  to  a  five-component  strain  gage  balance  and  isolated  from  sur¬ 
rounding  structure.  No  simulation  of  fan  turbine  exhausts  was  provided. 

The  nose  fan  consisted  of  a  10-blade  rotor,  a  9-blade  exit  stator,  and  a 
gearbox.  It  was  driven  by  a  15-horsepower  electric  motor  attached  to  a 
gearbox  and  mounted  within  the  fuselage.  The  motor-to-fan  gear  ratio 
was  0.741:1.0.  The  nose  fan  inlet  consisted  of  7  fixed-position  louvers 
and  a  hub  fairing  mounted  on  the  bellmouth  inlet.  These  louvers  were 
removed  and  replaced  with  a  faired  cover  to  simulate  tha  closed  config¬ 
uration.  Pitch  fan  thrust  modulator  doors  were  hinged  below  the  fan  unit. 
In  the  closed  position,  they  closed  the  lower  fan  opening  and  faired  into 
the  fuselage.  The  doors  were  adjustable  manually  to  f've  positions,  which 
included  fully  closed. 

The  left  wing,  fuselage,  left  wing  fan  bellmouth,  and  pitch  fan  bellmouth 
were  equipped  with  pressure  orifices  to  obtain  pressure  profile  data.  In 
addition,  Kiel  tubes  and  static  pressure  taps  were  installed  at  the  exits 
of  these  two  fans.  Pressures  were  read  directly  through  scanivalves 
connected  to  pressure  transducers  installed  inside  the  fuselage.  A  16- 
tube  static  pressure  inlet  rake  connected  to  a  manometer  board  was  used 
during  a  number  of  runs  on  the  left  wing  fan. 

The  right  wing  fan  inlet  door  hinge  moments  were  measured  with  strain 
gages . 


Landing  gear  and  doors,  wing  fan  inlet  doors,  pitch  fan  inlet  louvers  and 
modulator  doors,  and  the  horizontal  and  vertical  tail  were  removable  so 
that  interference  effects  could  be  obtained  for  the  model  buildup.  Data 
could  not  be  obtained  for  the  wing  alone,  because  the  fuselage  housed  the 
electric  motors  and  gearboxes  required  to  drive  the  wing  fans.  Control 
surfaces  were  adjusted  manually  except  for  the  wing- fan-exit  louvers. 

Internal  ducting  of  the  gas  generators  was  not  simulated.  The  engine  air 
inlet  was  not  simulated  and  was  closed  by  a  faired  plug  during  the  entire 
test. 


2.3.3  NASA-LANGLEY  0.l8- SCALE  FAN-POWERED  MODEL  (Reference  1: 

Langley  Working  Paper  -  256) 

Wing  span  =  5*^00  feet. 

The  model  consisted  of  a  wing  equipped  with  single-slotted  flaps,  aile¬ 
rons  and  a  lift  fan  unit  mounted  in  the  inboard  section  of  each  wing,  a 
fuselage  with  a  pitch  control  fan  mounted  in  the  nose,  a  "Tee"-type  em¬ 
pennage  with  movable  rudder  and  horizontal  tail,  and  a  tricycle  landing 
gear  without  doors. 

Each  wing  fan  was  geometrically  scaled  and  consisted  of  a  36-blade  rotor, 
a  tO-blade  exit  stator,  and  an  inlet  frame.  The  exit  louver  assembly 
consisted  of  lL  movable  louvers  which  were  remotely  controlled  by  actuators. 
Butterfly-type  closure  doors  were  mounted  above  each  wing  fan  by  a  chord- 
wise  strut  on  the  fan  centerline.  They  were  used  to  close  the  wing  fan 
inlets  during  the  power-off  tests. 

The  pitch  fan  was  geometrically  scaled.  It  had  fixed  inlet  vanes  and  fan 
thrust  modulator  doors  which  were  mounted  below  the  fan  unit.  These  pitch 
fan  doors  were  adjustable  to  obtain  pitch  trim. 

The  fans  were  driven  by  compressed  air  through  tip  turbines  to  simulate  more 
closely  the  high-mass -flow  characteristics  of  the  full-scale  fan  drive 
system.  The  compressed  air  used  to  drive  the  fans  passed  through  an 
ejector  system  located  at  the  engine  inlet.  This  helped  to  simulate  the 
inflow  to  the  turbojets  of  the  full-scale  aircraft. 

The  model  was  originally  built  as  a  flying  model  to  study  the  stability 
and  control  characteristics  of  a  fan-in-wing  VTOL-type  aircraft.  Ailerons 
and  flaps  were  manually  adjustable.  The  landing  gear  and  the  horizontal 
tail  were  removable. 


2.3.1*  NASA-AMES  FULL-POWSRED  MODELS 

2 . 3 . 1* .  1  MSA- Ames  Full-Scale  Facsimile  Powered  Model 

Ames  Test  IT 3,  July  1962. 

Wing  span  =  29.800  feet. 
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The  model  consisted  of  a  wing  equipped  with  single-slotted  flaps  and  a 
lift  fan  unit  located  in  the  inboard  section  of  each  wing,  a  slab-sided 
fuselage  with  rounded  corners,  and  an  empennage  with  high-mounted  hori¬ 
zontal  tail.  The  model  did  not  have  either  a  landing  gear  or  a  pitch  fan 
for  this  test.  It  is  important  to  note  here  that  the  model  was  similar 
in  size  and  configuration  to  the  XV-5A  but  was  not  geometrically  scaled 
from  the  XV- 5A  aircraft. 

The  basic  General  Electric  X-353-5B  Convertible  V/STOL  Propulsion  System 
(Reference  2:  General  Electric  Specification  Number  112,  January  15,  1962) 
was  used  except  for  the  omission  of  interconnecting  crossover  ducting 
between  the  two  wing  fans  and  the  two  gas  generators.  In  this  case,  each 
wing  fan  lift  unit  received  all  of  its  power  from  only  one  gas  generator. 
Each  fan  unit  had  a  36-blade  rotor  and  an  88-blade  exit  stator.  The  exit 
louvers  were  mounted  below  the  stator  and  extended  across  the  tip-turbine 
exhaust  section.  Alternate  louvers  were  connected  together  to  provide  fan 
thrust  modulation.  The  louvers  were  remotely  controlled  by  actuators  to 
provide  both  stagger  (thrust  spoiling)  and  vector  (thrust  vectoring)  con¬ 
trol.  In  the  full  aft  position  the  louvers  acted  as  closures  for  the  wing 
fan  exits.  Butterfly- type  closure  doors  were  mounted  on  the  upper  surfaces 
of  the  wings  on  the  wing  fan  centerlines.  They  were  used  to  seal  the  wing 
fan  inlets  during  power-off  tests. 

The  horizontal  tail,  vertical  tail,  and  the  butterfly-type  wing-fan-inlet 
doors  were  removable. 

2. 3. 4. 2  NASA- Ames  Full-Scale  Facsimile  Powered  Model 

Ames  Test  117,  December  1962. 

Wing  span  *■  29.800  feet. 

The  model  was  essentially  the  same  as  that  used  for  the  Ames  Test  173, except 
for  limited  testing  of  split  flaps  on  the  outboard  wing  panels  to  simulate 
drooped  ailerons,  the  addition  of  a  pitch  control  fan  mounted  in  the  nose 
of  the  fuselage,  and  a  modification  of  the  wing-fan-exit  louvers  to  reduce 
hot  gas  reingestion  at  the  gas  generator  and  fan  inlets.  The  model  did  not 
have  a  landing  gear. 

The  General  Electric  X-376  Pitch  Fan  (Reference  3:  General  Electric  Specifi¬ 
cation  Number  113,  March  1,  1962)  was  installed  in  the  nose  of  the  model. 

It  is  aerodynamically  similar  to  the  wing  fan  lift  units  of  the  X-353-5B 
Propulsion  System  and  was  designed  to  be  operated  with  the  system.  Power 
was  supplied  by  a  modified  T-58  gas  generator  rather  than  the  J-85  gas 
generators  which  powered  the  wing  fan  units.  The  T-5S  was  mounted  in 
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the  forward  section  of  the  fuselage  with  the  inlet  facing  aft.  Air  was 
supplied  to  the  T-58  gas  generator  through  small  ports  in  the  side  of  the 
fuselage  and  from  the  interior  of  the  fuselage.  Thrust  modulator  doors 
were  mounted,  below  the  pitch  fan  and  were  remotely  controlled.  The  pitch 
fan  inlet  did  not  have  vanes  or  louyers  to  simulate  the  XV- 5A  inlet  closure. 
Fairings  enclosed  the  pitch  fan  installation  when  it  was  not  used. 

During  the  first  part  of  the  test,  as  in  the  Ames  Test  173>  the  wing-fan- 
exit  louvers  and  the  part  of  the  louvers  which  extended  over  the  exhaust 
turbine  section  of  the  wing  fans,  functioned  as  one-piece  louvers.  In 
an  attempt  to  reduce  hot  gas  re ingestion  at  the  gas  generator  and  fan  in¬ 
lets  in  ground  effect  at  low  speed,  the  section  of  the  louvers  which  ex¬ 
tended  across  the  exnaust  turbine  section  was  fixed  at  a  30-degree  aft 
vector  setting  with  respect  to  the  main  louvers.  This  fix  was  used  during 
the  remainder  of  the  test. 


2.3.5  XV-5A  AIRCRAFT,  S/N  62-^505 

Ames  Test  210,  20  May-l8  June  196k 
Wing  spsin  ■  29.833  feet. 

The  XV-5A  aircraft  is  a  mid-wing  flight  research  vehicle  with  a  "Tee"-type 
empennage  configuration,  has  a  tricycle  landing  gear  retracting  into  the 
fuselage,  and  is  powered  by  two  General  Electric  X353-5B  convertible  V/STOL 
Propulsion  Systems  (Reference  2:  General  Electric  Specification  Number  112, 
January  15,  1962)  and  one  General  Electric  X376  Pitch  Fan  (Reference  3: 
General  Electric  Specification  Number  113,  March  1,  1962).  The  aircraft 
is  capable  of  conventional  win^- supported  flight  at  high  subsonic  speeds 
and  V/STOL  operation  in  the  fan-supported  flight  mode, as  described  in  the 
XV- 5A  specification  62B124. 

In  fan-supported  flight,  power  to  drive  the  tip-turbine  lift  fans  is  sup¬ 
plied  by  two  J-85  gas  generators,  pneumatically  coupled  so  that  each  lift 
fan  derives  half  of  its  required  power  from  each  gas  generator.  Approxi¬ 
mately  13  percent  of  the  gas  flow  is  required  to  drive  the  pitch  fan. 

A  gas  diverter  valve  on  each  gas  generator  is  used  to  direct  the  engine 
gas  flow  to  the  fans  for  VTOL  operation  or  to  a  tailpipe  for  the  conven¬ 
tional  mode. 

In  the  hover  mode,  pitch  trim  and  control  are  obtained  by  modulating  the 
pitch  fan  thrust  reverser  doors.  Directional  and  lateral  trim  and  control 
are  obtained  by  differential  vectoring  and  staggering  of  the  wing-fan-exit 
louvers,  respectively.  Altitude  control  is  obtained  by  symmetrical  stag¬ 
gering  of  the  wing-fan-exit  louvers.  During  transition  flight,  forward 
thrust  is  obtained  by  symmetrical  vectoring  of  the  wing-fan-exit  louvers 
aft.  As  the  conventional  aerodynamic  controls  become  effective,  the  fan 
controls  are  progressively  phased  out  by  a  mechanical  mixer  box. 
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In  conventional  flight  ’<  he  wing  fan  inlets  are  closed  by  butterfly-type  doors 
mounted  on  the  chordwise  centerline  strut  of  the  fans.  The  wing-fan-exit 
louvers  are  vectored  aft  to  fair  into  the  lower  wing  surface  and  to  close  the 
wing  fan  exits.  The  pitch  fan  inlet  vanes  provide  a  closure  for  the  inlet 
and  fair  into  the  upper  forward  surface  of  the  fuselage.  The  pitch  fan  mod¬ 
ulator  doors  close  off  the  pitch  fan  exit  and  fair  into  the  lower  forward 
fuselage . 

During  the  Ames  Test  210,  all  fan  mode  testing  was  conducted  with  the  landing 
gear  retracted  to  prevent  overheating  of  the  structure  in  the  main  landing 
gear  bay  area.  Pitch  fan-off  testing  was  accomplished  by  blocking  the  gas 
flow  normally  used  by  the  pitch  fan.  No  tail-off  testing  was  accomplished 
during  these  tests. 


2*3.6  XV- 5 A  AIRCRAFT,  S/H  62-1*505 

Edwards  A7B  Vertical  Thrust  Stand  Test. 

20-22  October  1965 
Wing  span  =  29.833  feet. 

The  aircraft  was  basically  the  same  as  it  was  when  tested  in  the  Ames  Full- 
Scale  Wind  Tunnel,  Ames  Test  210,  except  for  the  following  modifications: 

1.  Stiffening  and  strengthening  of  the  wing-fan-exit 
louver  system  to  preclude  louver  bending  and  tor¬ 
sional  deflection  and  to  provide  for  louver  actuators 
of  increased  power.  This  was  .  chi^ved  by: 

a.  applying  a  -’ouble  skin  to  the  louvers  to  prevent 
flexing, whi_h  also  increased  the  actual  thickness 
ratio  of  the  louvers,  and 

b.  increasing  the  load  capability  of  the  wing  fan 
louver  actuators  to  prevent  backing  off  of  the 
louvers . 

2.  The  landing  gear  was  fixed  in  the  extended  position 
during  the  entire  test.  This  required  the  removal  of 
the  main  landing  gear  doors  and  the  installation  of  a 
fairing  to  cover  the  main  landing  gear  bay,  thus  re¬ 
ducing  the  possibility  of  overheating  the  structure  in 
this  area. 

No  pitch  fan-off  testing  was  accomplished  during  this  period. 


20 


2.4 


INSTRUMENTATION 


The  various  parameters  pertinent  to  the  data  correlation  program  which 
were  either  instrumented  and  recorded,  or  were  manually  adjusted,  are 
listed  in  Table  I-II. 

The  parameters  to  be  measured  came  under  the  following  main  headings: 
basic  airframe  force  and  moment  data  obtained  with  the  tunnel  balance 
system;  engine  parameters;  wing  fan  and  pitch  fan  data;  control  positions; 
ambient  pressure;  and  airspeed. 

Power  was  recorded  only  for  the  l/6-scale  tests,  where  the  power  to  the 
motor  was  measured,  and  for  the  thrust  stand  tests,  which  of  course  gave 
only  hover  power  data. 


2*5  DATA  ACCURACY 


Evaluation  of  the  longitudinal  data  accuracy  required  examination  of  test 
techniques,  stabilization  times,  number  of  data  recordings  per  test  point, 
and  repeatability  checks;  tolerances,  interactions,  and  repeatability  of 
the  force  balance  systems;  wind  tunnel  characteristics,  flow  inclination, 
turbulence  level,  and  'q'  distribution;  model/aircraft  instrumentation, 
measurement  of  power  to  fans,  measurement  of  fan  RPM  and  fan  inlet  temper¬ 
atures,  surface  pressures,  etc.;  and  review  of  test  logs  to  identify 
failures  occurring  during  runs  which  would  invalidate  the  data  obtained. 

Several  areas  existed  where  the  instrumentation  and/or  techniques  used 
gave  cause  to  question  the  data,  if  not  to  invalidate  it  altogether.  Al¬ 
though  considerable  effort  was  spent  in  the  attempt,  it  was  impossible  to 
reconcile  differences  in  the  moment  data  from  the  Ames  173  and  177  tests. 

In  spite  of  the  fact  that  both  tests  used  the  same  model,  the  data  showed 
a  static  margin  difference  of  about  5$.  Several  possible  sources  of  error 
were  investigated,  such  as  upflow  caused  by  presence  of  a  ground  plane, 
strut  corrections,  and  the  moment  center  used  in  the  data  redaction  rou¬ 
tines.  NASA  records  of  these  tests  were  not  sufficient  to  resolve  this 
difference.  Examination  of  the  data  did  tend  to  indicate,  however,  that 
the  error  was  most  apt  to  be  in  the  177  data,  and  the  correlation  effort 
proceeded  on  this  premise.  Tending  to  substantiate  this  conclusion  was 
the  fact  that  some  of  the  177  data  showed  sharp  discontinuities  which 
might  have  resulted  from  strut  interference. 

Fan  inlet  temperature  data  presented  another  problem  area  in  data  reduc¬ 
tion  because  of  hot  gas  reingestion.  Fan  inlet  temperatures  were  re¬ 
corded  during  the  static  far.  calibration  runs  of  the  full-scale  powered 
model  (Ames  Tests  173  and  177);  but  not  during  the  entire  tests.  There¬ 
fore,  it  was  necessary  to  compromise  and  reduce  all  but  the  calibration 
runs  based  on  wind  tunnel  ambient  conditions.  Records  indicate  that-  hot 
gas  reingestion  by  the  fans  can  have  significant  effects  under  certain  con¬ 
ditions.  Figure  2  shows  the  relative  effect  of  varying  wing-fan -inlet 
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MODE L/ AIRCRAFT  INSTRUMENTATION 
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***  Not  Applicable 


Figure  Fan  Inlet  Temporature  Effect 


=  1.00.  Data 


g 

temperature  on  the  speed  parameter  ,!Tc  ",  assuming  6^^ 

from  the  XV-5A  aircraft  tests  at  Ames  and  Edwards  Air  Force  Base  were 
reduced  based  on  both  ambient  conditions  and  wing-fan-inlet  temperatures. 
Calibration  and  data  accuracy  of  the  wing-fan-inlet  temperatures  for  these 
last  two  tests  are  of  concern.  This  is  because  the  instrumentation  system 
recorded  the  average  value  of  several  fan  inlet  thermocouples.  Thus,  the 
failure  of  one  thermocouple  would  result  in  an  incorrect  temperature  being 
recorded. 

A  problem  of  reading  wing-fan-exit  louver  position  during  a  run  existed 
for  the  full-scale  powered  model  (Ames  Test  173  and  177 )«.  The  test  logs 
indicate  that  at  the  end  of  several  runs,  all  of  the  wing-fan-exit  louvers 
were  not  at  the  positions  ceiled  for.  Thus,  all  the  data  for  these  partic¬ 
ular  runs  must  be  considered  suspect. 

An  electrical  noise  problem  during  the  first  half  of  the  second  „est  of 
the  1/6-scale  powered  model  (CVAL  3^A)  may  have  resulted  in  incorrect 
right-hand  wing- fan-exit  louver  settings  for  those  runs  which  required 
changing  the  vector  angle  during  the  run.  Additional  runs  were  made  to 
provide  a  check  on  the  earlier  data. 

The  fan  power  required  data  for  the  l/6-seale  tests  is  somewhat  in  ques¬ 
tion  so  far  as  magnitude  is  concerned  due  to  the  manner  in  which  they  were 
obtained.  This  is  because  the  power  delivered  to  the  electric  motors  was 
measured  and  calibration  curves  were  used  to  arrive  at  the  motor  output. 

The  shafting  and  gear  losses  were  estimated  rather  than  measured. 

It  would  be  expected  that  the  trends  indicated  by  the  l/6-scale  power  data 
would  be  valid,  although  these  trends  did  not  agree  with  the  variations  in 
power  with  forward  speed  indicated  by  a  large  fan-in-wing  model  of  another 
configuration.  There  were  no  other  data  for  the  XV-5A  configuration  that 
could  be  used  for  comparison. 

Some  of  the  factors  influencing  the  accuracy  of  the  data  from  the  various 
tests  are  summarized  in  Table  IV. 


FACTORS  AFFECTING 

DATA  ACCURACY 

RYAN  1/8-SCALE  UNPOWERED  TESTS 
CVAL  3h3  AND  3&3A  8-X-12  FT 
TEST  SECTION 

RYAN  1/6-SCALE  POWERED  TESTS 
CVAL  3M  AND  3kkA  12-X-20  FT 
TEST  SECTION 

SUPPORT  CORRECTIONS 

Aerodynamic  Tares 

An  image  support  system  was  used  to 
determine  the  aerodynamic  tares  for 
the  fuselage  alone  and  the  wing- 
fuselage  combination.  An  image  sting 
was  used  on  the  wing  alone  to  obtain 
the  tares. 

No  aerodynamic  tares  were  determin 
for  the  sting  support  system. 

Interference  Tares 

Obtained  by  the  image  system. 

No  interference  tares  were  deter¬ 
mined  for  the  sting  support  system. 

Deflection  C  .rrections 

Not  applicable. 

Based  on  static  loading  of  sting  suppc 

TUNNEL  CALIBRATIONS 

q- Distribution 

— 

Data  available  for  q  -  i.  4  psf  and 
q  =9.0  psf,  fair  to  poor. 

q  -  Measurement 

— 

q  measured  in  8-X-12  ft  section  and 
calibrated  for  16-X-20  ft  section 

How  Inclination 

Data  corrected  for  flow  inclination. 

No  correction  applied  to  data. 

Turbulence  Level 

Turbulence  factor  less  than  1.  i  at 
test  velocity. 

Turbulence  factor  approximately  1.5 
for  power-off  test  velocity. 

q- Control 

Good,  ±  1/4-percent. 

Good,  ±  1/4-percent. 

BALANCE  ACCURACIES 

Good,  within  one  percent  including 
interactions. 
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DATA  ACCURACY 


£ames  full-scale  (with  pitch  fan) 

AMES  TEST  177 
l»0-x-80  FT  TEST  SECTION 


A/C  S/N  62-U505 
AMES  TEST  210 
I4O-/.-8O  Pi  TEST  SECTION 


Sections  based  on  lift,  drag,  and  pitch- 
|pf  stmt  support  system  a'one.  Moment 
|ct.  Same  corrections  were  applied 
isitions. 


states,  "All  longitudinal  data  were 
influence  of  struts."  Indications 
a«*f  odynamic  tares  were  applied  to  the 


le. 


Le  for  q  =  20  psf,  q  *  60  psf,  and 
jood,  (less  than  1/2-percent  variation 
n). 


I  flow  inclination  correction  applied 
Jata  only.  Flow  may  be  cambered 
|o  or  three  degrees. 


Iconsiderably  during  a  given  run. 


lent,  ±  250  ft -lb 


Support  corrections  based  on  drag  and  pitching 
moment  of  strut  support  system  alone. 


No  interference  tares  were  obtained  for  the  strut 
support  system. 


Not  applicable 


Data  available  for  q  =  20  psf,  q  -  60  psf  and 
q  =  120  psf,  good,  (less  than  1/2-percent  variation 
from  the  mean) 


No  correction  applied  to  data. 


Poor  varied  considerably  during  a  given  run. 

Quoted: 

Lift,  ±  20  lb 
Drag,  ±  2  lb 

Pitching  moment,  t  250  ft-ib 


NASA-AM 
EDWAI 
STATIC 


Not  applicable.  Tests  cor 
wind  conditions. 


No  interference  tares  wer<| 
support  system. 


Not  applicable. 


Not  applicable. 


Not  applicable. 


Not  applicable. 


Not  applicable. 

Not  applicable. 

Accuracy  questionable  due 
from  fan  efflux. 


A/C  S/B  62-U505 
AMES  TEST  210 
UO-x-80  FT  TEST  SECTION 


NASA-AMES  TEST  AT 
EDWARDS  AFB 
STATIC  THRUST  STAND 


Support  corrections  based  on  drag  and  pitching 
loment  of  strut  support  system  alone. 


No  interference  tares  Here  obtained  fox  the  strut 

r 

Isupport  system. 


Jot  applicable 


)ata  available  for  q  =  20  psf,  q  =  60  psf  and 
=  120  psf,  good,  (less  than  1/2-percent  variation 
prom  the  mean) 


No  correction  applied  to  data. 


gPoor  varied  considerably  during  a  given  run. 


jQuoted: 

Lift,  a.  20  lb 
Drag,  i.  2  lb 

Pitching  moment,  *  250  ft-lb 


Not  applicable.  Tests  conducted  at  or  near  zero 
wind  conditions. 


No  interference  tares  were  obtained  for  the  cradle 
support  system. 


Not  applicable. 


Not  applicable. 


Not  applicable. 

Not  applicable. 

Not  applicable. 

Not  applicable. 

Accuracy  questionable  due  to  heating  of  load  cells 
from  fan  efflux. 


3.0  BASIS  FOR  CORRELATION  OF  POWERED  DATA 


A  series  of  specialized  coefficients  for  expressing  force,  moment,  and  poorer 
data  and  a  corresponding  correlating  parameter  have  been  used  almost  ex¬ 
clusively  in  performing  the  work  discussed  herein.  These  special  coeffi¬ 
cients  are  an  outgrowth  of  data  correlation  procedures  developed  during 
early  submerged  fan  application  studies,  and  were  used  in  their  present 
form  throughout  the  XV-%  program  for  reduction  and  correlation  of 
aerodynamic-propulsion  characteristics.  The  theoretical  basis,  purpose, 
and  practical  applicability  of  the  system  of  coefficients  are  discussed  in 
this  section. 

The  methods  which  were  used  in  development  of  the  basic  data  correlation 
procedures  are  described  in  Reference  5..  In  this  parent  document,  the  tech¬ 
nique  of  dimensional  analysis  and  the  fundamentals  of  model  theory  were 
used  to  develop  a  series  of  coefficients  and  a  correlating  parameter  which 
were  shown  to  have  general  applicability  to  any  propeller  or  rotor  system. 
The  form  of  the  force  and  moment  coefficients  and  the  correlating  param¬ 
eter  was  recognized  as  being  identical  to  a  system  of  coefficients  intro¬ 
duced  by  Mr.  R.  E.  Kuhn  of  NASA-Langley  and  used  by  NASA-Langley  in  reduc¬ 
tion  of  deflected  slipstream  and  tilt-wing  V/STOL  model  data.  A  power 
coefficient  compatible  with  the  system  of  force  and  moment  coefficients 
was  proposed  in  Reference  5  as  an  added  item. 

This  system  of  coefficients  in  its  basic  form  makes  use  of  the  propeller 
(or  rotor)  loading  parameter  T/A  as  a  fundamental  quantity  in  the  alge¬ 
braic  expressions  defining  the  coefficients.  The  value  of  T/A  used  in 
the  expressions  is  based  on  actual  propeller  thrust  measured  for  the  spe¬ 
cific  test  point- 

During  the  XV-5A  design  phase, a  modification  of  this  system  was  necessary 
in  order  to  correlate  data  from  small-scale  and  full-scale  powered  wind 
tunnel  tests.  The  need  for  modifications  arose  because  of  the  inability 
to  obtain  actual  lift  fan  rotor  thrust  data  from  wind  tunnel  tests  of  the 
full-scale  models.  Anticipation  of  future  correlations  of  wind  tunnel  data 
with  flight  t6et  results  further  encouraged  the  modification. 

A  simple  revision  in  coefficient  expressions  was  made  to  circumvent  the 
absence  of  rotor  thrust  data.  The  revision  was  bas?  J  on  consideration 
of  the  requirements  for  dynamic  similarity  of  the  aerodynamic  system  and 
consisted  of  the  substitution  of  total  lift  fan  thrust  existing  under 
static  (zero- speed)  operating  conditions  at  the  measured  fan  speed  for 
the  actual  rotor  thrust.  It  was  further  necessary  to  specify  reference 
thrust  conditions  for  an  installed  lift  fan  with  exit  louvers  positioned 
for  zero  flow  vectoring  and  zero  louver  stagger. 

While  this  is  acknowledged  as  a  major  modification  of  the  basic  correla¬ 
tion  procedure, it  nevertheless  provides  a  technically  accurate  basis  for 
precise  correlation  of  data  from  two  systems  which  are  dynamically  similar. 
It  may  be  recognized  that  the  values  of  the  coefficients  will  be  equal 
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under  those  conditions  where  the  ratios  of  the  substituted  static  thrust 
and  the  actual  rotor  thrust  for  the  two  systems  are  identical,  which  is, 
in  fact,  required  for  dynamic  similarity  to  exist.  Thus  for  any  speci¬ 
fied  operating  condition^  the  two  values  of  thrust  differ  by  a  constant* 
and  the  value  of  the  constant  is  of  no  consequence  in  applying  the  coef¬ 
ficients  as  long  as  the  exact  reverse  of  the  data  reduction  procedure 
is  used. 

Thus,  the  basic  and  the  modified  coefficients  are  of  the  same  form  but 
have  terms  defined  differently.  For  example,  the  definitions  of  the  lift 
coefficients  and  the  correlating  parameter  are  written  as  follows : 

Basic  Form  Modified  Form 


Cl"  =((T/A)+  q)A 


rp  11 


(t7a 


t/a 

AH 


°i8  ’( d000/A)+ 


„  T  /A 

_  s  ooo' 

Tc  ”(t  /a)+  q 

c  ooo'  ^ 


The  superscript  "s"  in  the  modified  system  is  used  to  denote  the  static 
reference  used  for  the  thrust  value,  and  the  triple-zero  subscript  denotes 
the  condition  of  zero  freestream  velocity,  vector  angle,  and  stagger  angLe, 

Having  discussed  some  apparent  truths  regarding  dynamically  similar  systems, 
it  is  now  Important  to  explore  the  effect  of  a  lack  of  dynamic  similarity 
on  the  correlation  of  data. 

The  original  and  derivative  data  reduction  procedures  have  numerous  data 
handling  advantages  for  V/STOL  aircraft  applications.  The  techniques  are 
considered  to  meet  the  requirements  for  a  satisfactory  data  correlation 
procedure  as  outlined  below; 

1.  A  data  non  dimens  ionalizing  procedure  suitable  for 
expressing  the  aerodynamic-propulsion  characteristics 
for  a  variety  of  V/STOL  aircraft  configurations. 

2.  A  method  for  expressing  aerodynamic-propulsion  char¬ 
acteristics  and  providing  operating  condition  correla¬ 
tion  on  a  common  and  compatible  basi3. 

3»  A  system  which  provides  coefficients  and  condition 
correlation  applicable  throughout  the  aircraft  oper¬ 
ating  envelope  and  adaptability  to  nonstandard  oper¬ 
ating  conditions  such  that  evaluation  of  special 
effects  such  as  ground  effects,  propulsion  system 
conversion  between  VTOL  and  CTOL  operating  .modes,  etc., 
are  facilitated. 
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U.  Coefficients  which  maintain  reasonable  and  predict¬ 
able  numerical  values  over  the  complete  operating 
envelope  of  the  vehicle. 

5*  A  system  which  represents  minimum  departure  from 
more  commonly  used  nondimensionalizing  procedures. 

Dynamic  similarity  of  aerodynamic  systems  is  assured  when  kinematic  simi¬ 
larity  of  flow  exists.  Geometric  similarity  is  a  prime  prerequisite  for 
achieving  kinematic  similarity.  Likewise,  based  on  model  theory,  kinematic 
similarity  of  flow  can  exist  only  if  viscous  and  compressibility  effects 
in  the  fluid  flow  are  identical. 

While  a  test  program  designed  for  the  specific  purpose  of  evaluation  of 
system  differences  could  be  expected  to  provide  data  for  evaluations  of 
these  model  geometric  or  flow  effects,  such  testing  is  not  normally  per¬ 
formed  in  an  aircraft  developmental  testing  program.  Thus,  data  to  pro¬ 
vide  a  means  for  the  correlations  of  results  from  wind  tunnel  tests  of  non- 
geometrically  similar  models  are  usually  not  available.  It  is  important 
to  point  out  that  the  aerodynamic  systems  under  consideration  encompass  the 
wind  tunnel  test  section(s)  and  all  other  flow-influencing  factors. 

From  the  above  discussion,  then,  to  achieve  dynamic  similarity  between  two 
lift  fan  systems,  kinematically  similar  flows  must  exist  at  all  points  within 
the  system.  A  lack  of  similarity  of  flow  through  the  fans  can  thus  be  ex¬ 
pected  to  produce  differences  in  rotor  loading  and  duct  inflow  and  exit 
patterns.  These  effects  can  modify  the  model  pressure  distributions  ex¬ 
ternal  to  the  lift  fans  even  when  similarity  of  the  external  geometry  exists. 

Based  upon  consideration  of  the  points  in  the  above  discussion,  it  may  be 
stated  that  of  the  two  methods  of  expressing  aerodynamic-propulsion  charac¬ 
teristics,  the  original  form  of  data  reduction  system  would  be  expected  to 
provide  the  more  exacting  basis  for  correlation  of  lift  fan  mode  data. 
Unfortunately,  such  data  are  either  very  difficult  or  impossible  to  ob¬ 
tain,  and  during  the  correlation  efforts  discussed  in  later  sections,  at¬ 
tempts  have  been  made  to  develop  and  apply  corrections  for  rotor  loading 
differences. 

In  an  ideal  data  correlation  effort  concerned  with  external  aerodynamic 
characteristics,  tailoring  of  fan  inlet  end  rotor  might  be  accomplished 
as  required  in  order  to  obtain  specially  measured  rotor  flows.  Model 
scale  effects  might  thus  be  established  under  these  circumstances.  The 
correlation  of  data  might  then  be  accomplished  on  the  basis  of  representa¬ 
tive  fan  flow  and  freestream  velocity  ratio — a  more  fundamental  quantity 
for  depicting  the  operating  conditions. 


i  s 
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4. 0_  DATA  CORRELATION 


4.1  COLLECTION  OF  DATA 

Collection  and  cataloging  of  the  data  required  contacting  the  various  test 
facilities  to  determine  the  validity  of  data  on  hand,  types  of  corrections 
applied  to  the  data,  wind  tunnel  characteristics,  and  any  additional  infor¬ 
mation  pertinent  to  data  use  and  interpretation.  The  data  were  identified 
hy  test  and  run  numbers  for  easy  reference. 

Run  logs  were  studied  to  determine  which  data  would  be  useful  to  this  pro¬ 
gram.  In  the  case  of  the  1/6-scale  tests,  all  data  included  tunnel  wall 
corrections.  Since  the  examination  of  wall  corrections  was  to  be  a  part 
of  the  cc .-relation  study,  it  was  necessary  to  have  the  data  without  correc¬ 
tions.  Accordingly,  the  test  facility  was  asked  to  remove  the  wall  correc¬ 
tions  from  the  specific  runs  that  were  to  be  used  for  correlation  purposes. 

At  the  beginning  of  this  program,  the  0.l8-scale  data  which  had  been  ob¬ 
tained  in  three  different  NASA-Langley  test  sections  by  NASA  personnel 
specifically  for  data  correlation  purposes  were  anticipated  to  provide  a 
unique  foundation  for  the  data  comparison  efforts.  This  model  was  regarded 
as  the  most  representative  of  the  aircraft  with  close  geometric  scaling  and 
tip-driven  fans.  In  the  time  that  elapsed  between  the  planning  of  this 
program  and  the  initiation  of  work  on  it,  review  of  the  0.18-scale  data  by 
NASA-Langley  convinced  them  that  their  confidence  level  in  the  data  was 
too  low  to  allow  the  data  to  be  released  to  an  outside  organization.  Some 
0.l8-scale  data  from  more  recent  tests  (Ref.  l)  were  released  to  Ryan,  but 
an  insufficient  number  of  parameters  had  been  recorded  to  permit  conver¬ 
sion  to  slipstream  notation  for  correlation  purposes.  These  data  were 
utilised,  however,  in  comparison  with  the  calculated  stability  derivatives 
as  discussed  in  Section  6.2. 

The  models  and  test  programs  whose  data  were  reviewed  for  the  data  correla¬ 
tion  program  were: 

1.  Ryan  1/8-scale  model,  conventional  flight  mode,  low- 
speed  wind  tunnel  tests  (CVAL  343  and  343A). 

2.  Ryan  l/6-scale  fan-powered  model,  low-speed  wind 
tunnel  tests  (CVAL  344  and  344a). 

3.  NASA-Ames  full-scale  fan-powered  model,  low-speed 
wind  tunnel  tests  (Ames  173  and  177). 

4.  NASA-Ame3  XV-5A  aircraft  low-speed  wind  tunnel  test 
(Ames  210),  Edwards  AFB  XV-5A  aircraft  vertical 
thrust  stand  test. 

5.  NASA-Langley  0.l8-scale  fan-powered  model,  low-speed 
model  tests  (Ref.  l). 
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PREPARATION  OF  DATA 


4.2 


Preparation  of  the  longitudinal  data  for  correlation  required  that  all 
data  he  reduced  to  one  common  qondinensional  form.  The  specialised 
slipstream  notation  was  selected  because  the  majority  of  the  data  in¬ 
volved  was  already  available  in  this  form.  Considerable  effort,  however, 
was  expended  in  reducing  the  data  from  the  NASA-Ames  Tests  173  and  177. 
Punched  data  cards  were  no  longer  available,  requiring  all  information 
to  be  first  tabulated  from  an  assortment  of  engine  run  records,  run 
schedules,  load  test  records,  and  IBM  print-out  sheets.  The  data  were 
plotted  and  cross-plotted  so  that  comparison  of  various  tests  could  be 
made  for  identical  conditions  and  similar  configurations. 

Once  the  data  were  in  comparable  form  so  that  the  actual  data  to  be  used 
for  correlation  could  be  selected,  it  became  apparent  that  there  was  in¬ 
sufficient  comparable  data  to  allow  correlation  of  tail-on  data.  As  dis¬ 
cussed  under  Section  2.5.7*  the  Ames  Test  177  data  were  considered  to  be 
questionable  for  use.  The  result  was  that  the  final  correlation  was 
limited  to  wing-body  1/6-scale  data  and  the  Ames  Test  173  daca.  Data 
from  the  other  test  programs  were  used,  however,  to  establish  some  of 
the  correction  factors. 


4.3  CORRECTION  FACTORS 

4.3.1  CONFIGURATION  EFFECTS 

4. 3. 1.1  Wing  Geometry 

A  tabulated  comparison  of  wing  geometric  parameters  is  presented  in 
Table  II.  The  l/6-scale  model  wing  represented  the  actual  aircraft 
quite  accurately.  The  most  notable  differences  were  outer  wing  panel 
dihedral  and  wing  thickness. 

The  outer  wing  panel  dihedral  of  the  1/6-scale  model  vas  -6  degrees 
compared  to  +4  degrees  for  the  XV-5A  aircraft  and  zero  for  the  NASA- 
Ames  full-scale  model.  The  difference  in  dihedral  was  not  considered 
to  affect  longitudinal  characteristics  significantly;  therefore,  no 
corrections  were  made. 

The  1/6-scale  model  wing  thickne3s~to~chord  ratio  was  20  percent  greater 
than  that  of  the  aircraft  in  order  to  accommodate  the  model  wing  fans. 

At  moderate  angles  of  attack,  the  difference  in  thickness  was  considered 
to  be  negligible  for  power-off  conditions,  and  the  effect  with  power  on 
was  not  known.  No  corrections  were  attempted. 

The  NASA-Ames  full-scale  model  wing  was  representative  of  the  XV-5A, 
but  there  were  numerous  differences  in  geometry.  A  comparison  cf  the 
two-wing  planforms  is  shown  in  Figure  3.  It  was  felt  that  most  of  the 
geometric  differences  were  too  small  to  make  meaningful  corrections  to 
the  Ames  data,  especially  since  the  effects  of  planform  on  power-on 
characteristics  have  not  been  clearly  established. 
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The  Ares  model  wing  had  9-7  percent  greater  area  than  the  Z7-5A  and  no  tvist 
or  dihedral  in  the  outboard  panel-  These  differences  vere  examined  since 
the  Ares  sodel  vould  be  expected  to  produce  proportionately  greater  lift 
(direasidrally)  in  pever-off  conventional  flight  and  an  lev  thrust  coeffi¬ 
cients  with  power  on.  The  pever-off  aerodyne— ic  coefficients  based  on  ving 
area  vould  be  expected  to  be  scent  the  sare  for  the  Ares  ard  1/6-scale 
models,  since  the  greater  forces  are  nordirensiosalised  with  respect  to  a 
greater  ving  area.  The  slipstream  coefficients  based  on  far  area  vould  not 
be  the  sare,.  because  both  rod sis  had  properly  scaled  fan  areas  so  that  the 
Ares  sodel  had  a  9-7  percent  greater  ving-to-fen  area  ratio  than  the  Ryan 
l/6-scale  nodal. 

A  comparison  of  the  Eyaa  1/6-scale  and  Ares  173  pever-off  characteristics 
is  shown  in  Figure  h.  The  lift  and  recent  coefficients  at  zero  eagle  of 
attach  and  zero  flap  ere  in  fairly  good  agreement ,  but  the  l/6-scale  drag 
coefficient  is  considerably  less  than  that  of  the  Ares  rodel.  The  1/6-sccle 
drag  coefficient  date  hare  the  appearance  of  e  laminar  bucket  at  lev  angles 
of  attack,  which  ray  be  possible  since  the  test  Reynolds  number  was  very 
lew  and  no  turbulence  simulation  was  used  on  tbe  rodel.  However,  the  scatter 
in  the  1/6-scale  data  was  too  great  to  be  able  tc  tell  if  a  laminar  bucket 
really  existed.  At  least  part  of  The  power-off  drag  difference  was  due  tc 
the  faired  engine  inlet  on  tile  1/6-scale  model,  and  to  the  open  inlet  and 
the  vindrilling  engines  on  the  Ames  model. 

The  power-off  lift  and  drag  coefficients  for  zero  flaps  compare  favorably 
at  the  higher  angles  of  attack,  considering  the  amount  of  scatter  in  the 
1/6-scale  data.  The  pitching  moment  coefficient  indicates  the  l/6-scale 
wing-body  to  be  more  ’unstable  than  tbe  Aces  model.  The  reason  for  the  dif¬ 
ference  in  stability  was  not-  established. 

If  the  effects  of  power  on  the  wing-body  aerodynamics  were  the  same  for 
the  1/6-scale  and  Ares  models,  then  the  data  presented  in  Figure  h  would 
indicate  that  the  slipstream  lift  and  drag  coefficients  of  the  Ames  model 
at  zero  angle  of  attack  in  transition  should  be  greater  than  the  Ryan  1/6- 
scale.  This  should  be  particularly  true  at  low  thrust  coefficients  vhere 
wing  lift  becomes  most  significant.  Actually,  the  reverse  was  true.  The 
Ames  model  lift  and  drag  slipstream  coefficients  at  zero  angle  of  attack 
and  zero  exit  louver  angle  vere  less  than  the  1/6-scale.  These  results 
suggested  that  the  effect  of  the  larger  than  full-scale  ving  area  and  the 
lack  of  outboard  panel  twist  of  the  Ames  model  were  negligible,  or  they 
were  offset  by  the  multitude  of  other  tmal.l  geometric  differences,  or  the 
induced  effects  due  to  power  were  much  greater  than  all  of  the  differences 
in  wing  geometry  combined. 

Another  consequence  of  the  Ames  model  wing  being  out  of  scale^vas  the 
lower  wing  fan  chord  cutout  ratio,  D„/c ,  due  to  the  larger  chord.  Ref¬ 
erence  6  shows  the  fan  induced  pitching  moment  to  be  sensitive  to  this 
parameter  and.  indicates  that  the  Ames  model  induced  pitching  moment  should 
be  reduced  about  6  percent.  Applying  the  correction  to  the  Ames  173  test 
data  would  increase  the  disparity  between  those  data  and  the  Ryan  1/6-scale 
model  data  at  zero  louver  angle.  Since  there  were  so  many  other  geometric 
differences  in  the  wing  and  flap,  it  was  not  considered  practical  to  apply 
a  correction  for  chord  cutout  ratio. 
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No  logical  corrections  could  be  found  which  would  account  for  the:  differences 
in  wing  geometry  and  improve  correlation  of  the  1/6-scale  and  Ames  model  data 
in  the  fan-powered  mode, 

U. 3.1.2  Flap  Geometry 

The  flap  chord  of  the  NASA-Ames  model  was  the  name  percent  of  local  wing 
chord  as  the  XV- 5A  aircraft  and  the  1/6-scale  model.  The  span  of  the  Ames 
model  flap  was  about  3-percent  wing  span  shorter.  The  Ames  flap  was  a 
single-slotted  type,  but  slot  geometry  could  not  be  determined  because  de¬ 
tailed  drawings  were  not  available . 

The  effectiveness  of  the  1/6-scale  and  Ames  model  flap  in  the  conventional, 
power-off  mode  is  indicated  in  Figure  4.  The  Ames  flap  obtained  only  65  per¬ 
cent  of  the  lift  and  moment  coefficient  increment  of  the  1/6-scale  model 
and  had  about  the  same  increment  in  drag  coefficient.  The  small  difference 
in  flap  span  would  hardly  be  expected  to  account  for  the  large  difference  in 
effectiveness.  The  reason  for  the  difference  in  power-off  flap  effectiveness 
could  not  he  determined  from  the  information  available.  While  they  are  not 
quantitatively  defined  differences  in  flr.p  section  geometry,  nonoptimum 
gap  and  chordwise  position  and  an  actual  Dr  cutout  in  the  flap  leading  edge 
were  known  to  exist. 

The  Ames  data  could  be  corrected  for  the  difference  in  power-off  flap 
effectiveness  if  it  were  known  that  the  effect  of  fan  operation  on  the  flap 
was  proportionately  the  same  for  both  models.  This  correction  would  amount 
to  assuming  that  the  difference  in  effectiveness  was  due  to  g  ometric  diff¬ 
erences  or  Reynolds  number . 

A  comparison  of  power-on  flap  effectiveness  is  shown  in  Figure  5.  With  the 
fans  operating,  the  1/6-scale  model  flap  was  less  effective  than  the  Ames 
flap  even  though  it  was  more  effective  with  power  off.  Flap  increments  for 
the  l/6-scale  model  were  available  at  only  three  values  of  thrust  coeffi¬ 
cient  for  zero  exit  louver  angle.  More  data  would  have  been  very  desirable 
because  the  lift  and  drag  increments  appear  to  he  very  nonlinear. 

The  data  of  Figures  4  and  5  point  to  the  conclusion  that  the  effect  of  fan 
operation  on  flap  effectiveness  was  very  much  different  for  the  small-scale 
and  full-scale  models.  Whether  the  difference  was  due  to  scale  effect, 
geometry,  or  some  other  reason  could  not  be  determined.  A  correction  to 
account  for  the  difference  in  power-off  flap  effectiveness  would  result  in 
an  increase  in  the  power-on  flap  effectiveness  of  the  Ames  model,  which  was 
already  greater  than  the  1/6-scale  flap.  Therefore,  no  correction  for  flap 
geometry  or  effectiveness  could  be  justified. 

U.3.1.3  Landing  Gear 

The  NASA-Ames  full-scale  model  had  no  landing  gear,  and  the  actual  aircraft 
tests  were  run  almost  entirely  with  the  gear  retracted.  The  1/6-scaxe  model 
tests  were  conducted  almost  entirely  with  the  main  landing  gear  on  and  with¬ 
out  a  nose  gear.  To  correlate  the  small-scale  and  full-scale  test  results, 
it  was  necessary  to  remove  the  effect  of  the  landing  gear  from  the  1/6-scale 
data. 
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The  only  l/6-scale  model  power-on  data  available  to  show  the  effect  of 
landing  gear  were  at  50  degrees  vector  angle  and  zero  angle  of  attack  for 
three  values  of  thrust  coefficient.  Those  data  were  too  meager  and  in¬ 
conclusive,  as  the  effect  of  the  landing  gear  appeared  no  larger  than  the 
scatter  in  the  data. 

The  landing  gear  increments  are  probably  a  function  of  vector  angle,  with 
power  on,  since  the  fan  efflux  impinges  on  the  gear.  However,  that  effect 
was  unobtainable,  and  it  was  felt  that  the  power-off  dynamic  pressure 
effect  was  probably  the  major  part  of  the  landing  gear  contribution.  The 
incremental  effect  ~f  the  landing  gear  in  conventional,  power- off  flight 
is  shown  i-£  Figure  6  for  both  the  l/6-scale  and  i/8-scaIe  models.  The 
l/6-scale  model  data  were  very  erratic,  hut  at  _  erne  conditions  compared 
favorably  with  l/8-scale  model  data- even  though  the  l/6-scale  model  had  no 
nose  gear.  The  1/8-scaie  data  were  quite  smooth  and  were  considered  to  he 
the  most .reliable.  Since  the  total  landing  gear  correction  in  slipstream 
coefficients  is  small  and  since  power-off  data  Eire  being  applied  to  power- 
on  conditions,  the  1/8-scale  model  data  were  used  to  correct  1/6-scale  data 
to  landing  gear  up. 

The  landing  gear  increments  shown  in  Figure  6  are  due  to  the  landing  gear's 
being  down.  Those  conventional  coefficients  were  converted  to  slipstream 
notation  and  added  to  the  l/6-scale  data  using  the  following  equations: 

^  (1-IC8)  jS  =  -6.lJ.4Cj_  (1-TCS) 
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Pitch  Fan  Closure 

The  NASA-Ames  model  did  not  have  a  pitch  fan  or  any  opening  in  the  nose 
during  Test  173» while  the  l/6-scale  model  pitch  fan  inlet  and  exit  were 
always  open  when  the  wing  fans  were  running.  The  1/6-scale  model  pitch 
fan-off  data  had  to  be  corrected  for  the  effect  of  the  open  inlet  and  exit 
in  order  to  compare  them  with  Ames  173  test  data. 

The  effect  of  the  open  pitch  fan  cavity  on  the  1/6-scale  model  could  be  ob¬ 
tained  only  from  power-off,  conventional  flight  data.  While  it  was  realized 
that  those  data  were  not  strictly  applicable  to  the  wing  fans  on  condition, 
it  is  reasonable  to  expect  the  major  contributions  to  be  included.  The  con¬ 
ventional  flight  increments  due  to  the  pitch  fan  cavity's -being  open  are 
in  Figure  f.  Those  increments  were  converted  to  slipstream  notation  and 
added  to  the  1/6- scale  model  data  using  the  same  equations  used  previously 
for  the  landing  gear  effect. 
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WALL  EFFECTS 


h.3.2 


A  thorough  discussion  of  wind  tunnel  wall  effects  and  currently  used  tech¬ 
niques  of  correcting  for  them  are  presented  in  Appendix  III.  A  sample  cal- 
cul ut ion  illustrating  the  method  used  in  this  report  is  also  given. 

The  wall  effect  corrections  to  power-on  t.ist  data  shoun  in  this  report  were 
based  on  Heyson's  linearized  theory  (Reference  7).  Wall  effects  were 
judged  to  be  negligible  for  the  1/6-scale  model  tests  because  of  the  very 
large  tunnel  size  relative  to  the  model. 

Data  from  NASA*' Ames  Test  173  &re  shown  in  Figures  8  through  10  both  un¬ 
corrected  and  corrected  for  wall  effects.  The  effect  of  these  wall  correc¬ 
tions  on  correlation  with  l/6-scale  model  data  is  shown  in  subsequent  sec¬ 
tions  of  this  report. 


**.3-3  STRUT  TARES 

The  l/8-scale  conventional  flight  model  test  was  the  only  one  in  which 
aerodynamic  interference  tares  were  determined  for  the  support  system. 
Support  system  corrections  were  included  in  the  l/8-scale  model  tab¬ 
ulated  data  received  from  the  teat  facility. 

The  l/6-scalc  model  was  sting-mounted, and  the  only  correction  applied 
to  the  test  data  w?\a  an  an gle-of -attack  correction  due  to  sting  deflec¬ 
tion.  The  tabulated  l/6-seele  model  data  as  received  from  the  test 
facility  included  the  o^ing  corrections,  and  no  further  support  system 
corrections  were  made  for  this  study. 

The  tabulated  data  received  trrv.  11?  NASA-Ames  Research  Center  for  Test 
173  were  not  corrected  for  strut  Severn  tares.  Strut  tare  corrections 
were  applied  to  those  data  as  nei^  .  ury  using  the  tares  from  the  Ames 
Test  210.  Those  tares  were  considered  applicable  since  they  account  only 
for  the  direct  force  contribution  of  the  isolated  struts,  and  the  same 
strut  system  was  used  for  both  testa.  The  strut  tare  corrections  added 
to  the  Ames  173  test  data  are,  in  slipstream  notation, 


ACdS  -  -0.093  (1-Tce) 

ACmS  =  (0.0735  +  0.133  aim*}  (1-T,8) 


NASA- Amec  Test  177  used  the  variable  height  support  system.  The  tab¬ 
ulated  test  data  received  from  the  test  facility  presented  the  data  with 
and  without  the  support  system  tare  corrections  applied.  The  tares  used 
are  given  below  in  slipstream  coefficients.  The  values  given  are  for  the 
contribution  of  the  isolated  support  system,  as  model  interference  tarea 
were  unknown. 

Best  Available  Copy 
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AC-S  =  -0.0338  (l-T  S) 
i>  c 

.^CDS  =  [-0.7562  +  0.3551  sina]  (l-T/5) 

AC  8  =  [0.6667  +  0.6025  sinal  (l-T  S) 

®  c  J  c 

1».3.^  FAR  FLOW  AND  POWER  CORRECTIONS 

The  most  important  and  most  difficult  model  differences  to  account  for 
were  those  of  the  propulsion-lift  system.  While  the  1/6-scale  and  Ames 
full-scale  model  lift  fans  were  conceptually  the  same,  there  were  a  number 
of  geometric  differences.  In  addition  to  the  fan  differences,  the  two 
models  used  a  different  type  of  power  source  which  affected  the  forces  and 
moments  acting  on  the  model.  A  brief  description  of  the  power  tx ansmiosion 
systems  is  in  order. 

4.3.U.1  Wing  Fan  System 

The  1/6-scale  model  wing  fans  were  individually  driven  by  an  electric  motor 
through  a  right-angle  drive  and  gearbox  arrangement.  The  power  input  to  the 
motors  was  measured  and  converted  to  motor  shaft  horsepower  oucput  through 
reference  to  a  calibration  curve.  The  1/6-scale  model  power  source  and 
transmission  system  were  completely  internal  to  the  model  and  did  not  con¬ 
tribute  to  the  external  forces  or  moments. 

The  lASil  Ames  model  used  full-3cale  hardware  as  the  main  elements  of  the 
propulsion-lift  system.  Each  wing  fan  was  driven  by  a  tip  turbine  which 
was  powered  by  exhaust  gas  delivered  from  a  J-85  turbojet  engine  through 
internal  ducts.  Unlike  the  1/6-scale  model,  the  power  source  and  gas 
transmission  system  of  the  Ames  model  contribute  to  the  forces  on  the  model. 
The  hot  gas  which  drives  the  wing  fan  tip  turbine  is  exhausted  at  the  in¬ 
board  periphery  of  the  fan  through  exit  louvers  which  are  merely  an  exten¬ 
sion  of  the  normal  fan  louver  system.  The  turbine  efflux  contributes  a 
thrust  which  is  vectored  along  with  the  wing  fan  thrust.  The  additional 
thrust  is  obtained  at  the  expense  of  gas  generator  ram  drag. 

1* . 3 . 1* . 2  Wing  Fan  Geometry  Considerations 

Wing  fan  flow  characteristics  at  the  same  thrust  coefficient  are  basically 
a  function  of  fan  geometry  including  inlet  and  exit.  The  most  significant 
geometric  differences  between  the  1/6-scale  model  wing  fans  and  the  Ames 
rull-scale  fans  were  in  fan  thickness,  inlet  vanes,  mass  flow  area  (hub-to¬ 
il  ameter  ratio),  direction  of  rotation,  and  possibly  exit  louver  zero 
inference. 
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The  excess  wing  thi  kness  required  to  accorsodate  the  l/6-o.-t.le  model  fans  vas 
discussed  in  Section  It. 3.1*1-  The  effect  on  fan  performance  cf  the  greater 
depth  of  the  fan  for  the  1/6-scale  model  was  not  known-  nor  vas  it  considered 
feasible  to  attempt  to  estimate  the  effect. 

The  inlet  vane  system  of  the  1/6-scale  model;  as  initially  installed,  was  the 
same  as  the  full-scale  configuration.  However,  the  circular  vane  vad  four 
lateral  straight  vanes  were  removed  very  early  in  the  test  program.  Initial 
1/6-scale  model  tests  indicated  that  the  vanes  excessively  reducet  the  fan 
static  thrust  While  removal  of  the  inlet  vanes  improved  static  fan  perform¬ 
ance  of  the  1/6-scale  model,  the  effect  on  fan  performance  in  crossflow  was 
not  known.  Experimental  data  were  not  obtained  in  crossflow  with  tie  vanes 
installed,  and  estimation  of  the  effect  was  considered  unfeasible. 

The  exit  louvers  were  of  cambered  design  on  the  1/6-scale  model,  NASA- Ames 
model,  and  the  XV- 5 A  aircraft.  The  louver  cross  sections  were  identical  for 
the  Ames  model  and  the  aircraft;  they  were  of  simplified  design  i.\  the  case 
of  the  1/6-scale  model  consisting  of  radius  leading  edges  and  beveled  trail¬ 
ing  edges. 

The  zero  louver  angle  refeience  could  not  be  positively  established  for  all 
of  the  models.  The  Ames  model  louver  angle  was  reportedly  measured  with  a 
propeller  protractor,  and  it  was  supposed  that  the  reference  was  a  plane 
tangent  to  the  aft  side  of  the  louver.  Such  a  measurement  would  correspond 
to  the  method  u3ed  on  the  actual  XV- 5A  aircraft. 

The  1/6-scale  model  louver  angle  was  measured  vith  a  template  designed  for 
that  purpose;  however,  the  actual  zero  re^vrenoe  vas  not  recorded.  Refer¬ 
ence  7  implies  the  louver  zero  reference  to  have  heen  the  chord  plane  of 
the  louver.  Nevertheless  the  static  test  data  of  Reference  8  indicate  a 
louver  deflection  approximately  2.5  degrees  forward  (negative  vector)  for 
zero  horizontal  force,  which  is  identical  to  that  louver  angle  quoted  for 
zero  horizontal  force  for  the  X'353-5  fan  by  General  Electric.  Therefore, 
no  corrections  to  account  for  exit  louver  differences  were  attempted - 

The  Ames  full-scale  model  was  unique  in  that  both  wing  fans  rotated  in  the 
same  direction,  while  all  other  models  and  the  XV- 5A  aircraft  had  counter¬ 
rotating  fans.  The  right-hand  fan  rotated  counterclockwise  cn  the  Am-’s 
model  instead  of  clockwise.  The  direction  of  rotation  could  b?  expected 
to  change  the  spanwise  distribution  of  lift  over  the  fan  and  possibly  the 
induced  effect  of  the  fan  on  the  wing  in  crossflow.  The  net  flow  field 
of  the  fan  plus  wing  is  too  complex  and  the  net  effect  probably  too  small 
to  even  attempt  to  estimate  the  effect  of  the  wing  fans  rotating  in  the 
same  direction. 


The  hub  Mamet er  of  the  1/6-scale  model  fan  was  larger  than  the  full-scale 
fan,  r esulting  in  a  mass  flov  (compressor)  area  10.7  percent  less  than  full- 
scale.  The  ratio  of  mass  flov  area  to  gross  fan  area  (including  the  hub) 
vas  0.75  for  the  l/6-sc<le  model  end  0.84  full-scale. 

Some  implications  of  t,he  difference  in  mass  flow  area  between  the  1/6- 
scale  and  full-scale  fans  which  have  the  same  gross  area,  after  account¬ 
ing  for  scale  factors,  can  be  illustrated  by  comparing  the  fan  static 
thrust  performance.  The  disk  leading  of  the  l/6-scale  model  and  full- 
scale  fans  given  below  is  that  which  was  used  for  reduction  of  wind 
tunnel  and  flight  test  data  to  slipstream  notation.  The  full-scale  disk 
loading  given  was  used  for  both  the  Ames  model  and  the  actual  X7-5A  air¬ 
craft. 


=  0.03315  o-Np2  (full-scale) 


T 

=  0.02675  o'Np2  (l/6-scale  model) 


The  reference  area  for  the  disk  loadings  above  is  the  gross  fan  area 
based  on  the  overall  diameter  of  the  fan  rotor.  The  fan  speed  is  ex¬ 
pressed  in  percent  such  that  at  the  same  percent  of  fan  speed,  the  1/6- 
scale  and  full-scale  fans  have  the  same  rotor  tip  velocity.  The  corre¬ 
sponding  fan  speeds  at  100  -  percent  RPM  are  2640  RFM  full-scale  and 
15,840  RPM  for  the  l/6-scale  model. 

The  small-scale  and  full-scale  disk  loadings  are  not  given  above  on  n compa¬ 
rable  basis  because  the  full-scale  value  includes  the  fan  turbine  thrust. 
The  turbine  thrust  was  estimated  to  be  10  percent  of  the  total  fan  rotor 
plus  turbine  thrust.  That  value  was  obtained  from  fan  performance  cal¬ 
culations  by  the  General  Electric  Company  in  1962.  Removing  the  turbine 
thrust  contribution  from  the  full-scale  disk  loading,  we  obtain  a  com¬ 
parison  of  the  average  disk  loading  of  the  fan  alone.  These  values  are 


=  0.02984  <r  Nf2  (full-scale) 


T 


000 


0.02675  <rN_ 


(l/6-scale) 
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The  disk  loading  of  the  full-scale  fan,  based  on  gross  area,  is  about  11.5 
t^a  thS  lyf6_scale  aodel  «*  the  sane  tip  speed.  If  ve  ccm- 

5^Ltte+diSk  based  on  the  nas>3  flov  area  of  the  rotor,  an  entirely 

diffexent  result  is  obtained.  That  comparison  is  given  below: 


T 

-|22-=  0.03551  <JHf2  (full-scale) 


T 

=  0.03566  ONp2  (1/6-scale) 


Fran  the  very  close  agreement  of  disk  loading  above,  it  can  be  concluded 
that  the  overall  aerodynamic  performance  of  the  rotor  mass  flow  area  is 
the  same  for  the  full-scale  and  l/6-scale  model  fens.  The  radial  load 
distribution  and  the  performance  in  crossflow  could,  however,  be  differ¬ 
ent  due  to  the  differences  in  fan  hub,  absence  of  1/6-acale  model  inlet 
vanes ,  etc . 

It  was  stated  in  Section  3-0  that  geometric  similarity  is  a  prerequisite 
to  achieving  complete  dynamic  similarity  between  two  systems.  Therefore, 
geometric  differences  between  full-scale  and  1/6-scale  model  fans  will 
preclude  the  possibility  of  finding  a  condition  where  the  fan  flows  are 
completely  dynamically  similar.  In  order  to  correlate  full-scale  and  1/6- 
scale  model  data.,  it  is  necessary  to  try  to  compare  test  conditions  which  are 
as  nearly  dynamically  similar  as  possible.  In  achieving  this  end,  consid¬ 
eration  was  given  to  using  the  disk  loading  based  on  fan  mass  flow  area 
instead  of  gross  area  for  reducing  the  data  to  slipstream  coefficients. 

The  reason  for  chi  a  was  simply  that  the  relationship  between  disk  load¬ 
ing  and  percent  of  ,  fan  speed  was  the  same  for  full-scale  end  1/6-scale  on  a 
juasa  flow  area  basis,  whereas  it  was  not  using  gross  fan  area.  There¬ 
fore,  if  the  mass  flow  area  was  used  at  the  same  adjusted  'value  of  thrust 
coefficient,  the  crossflow  or  advance  ratio  (V/WR)  would  also  he  the  same  for 
both  1/6-and  full-scale.  If  gross  fan  area  were  used,  then  the  crossflow 
ratio  would  he  different  for  the  two  models  at  the  same  values  of  thrust 
coefficient  using  the  basic  definition. 


In  order  to  resolve  the  question  of  fan  reference  area,  it  was  necessary 
to  examine  a  more  fundamental  quantity,  the  momentum  jet  velocity  ratio, 
VVj.  Jet  velocity  ratio  is  discussed  in  detail  in  Reference  5,  where 
it  is  shown  that  to  achieve  kinematically  similar  flows,  the  ratio  of 
local  velocity  to  freestream  velocity  must  he  the  same  in  both  flow 
fields.  The  magnitude  and  distribution  of  the  fan  momentum  jet  velocity 
are  of  fundamental  importance  because  they  directly  affect  the  local  ve¬ 
locities  induced  on  various  parts  of  the  model.  In  the  correlation  of 
test  data,  an  average  momentum  jet  velocity  is  used  as  the  correlating 
parameter, and  disk  loading  corresponds  directly  to  an  average  momentum 
velocity.  The  choice  of  disk  loading  reference  area  then  merely  deter¬ 
mines  the  area  over  which  the  momentum,  jet  velocity  is  averaged.  Thus, 
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at  the  sane  thrust  coefficient,  the  small-scale  and  full-see..*:  m-dels  would 
have  the  same  velocity  ratio  based  cn  the  average  jet  velc-. .  ty  c---'er  the 
total  fan  disk  or  over  the  mass  flow  area,  depending  on  the*  refarence  area. 
Whether  one  reference  is  more  correct  than  the  other  is  argumentative.  If 
the  difference  in  mass  flow  to  gross  fan  area  ratio  is  very  large  for  two 
models,  the  mere  choice  of  reference  area  will  not  account  f-.'r  the  dynamic 
dissimilarity  because  the  inherent  difference  In  jet  velocity  distribution 
cannot  be  accounted  for.  In  the  case  of  the.  study,  a  check  indicated  that 
the  correlation  of  the  l/6-scale  and  Ames  model  data  would  no~,  he  fignifi- 
cantly  affected  by  changing1  from’  fan  reference  area  to  mass  flow  area. 
Therefore,  to  retain  properly  scaled  reference  areas, the  gross  f&u  area, 
based  on  overall  rotor  diameter,  was  used  throughout* 

4.3. 4. 3  Wing  Fan  Turbine  Thrust  Correction 

The  wing  fan  tip-turbine  thrust  is  included  in  the  full-scale  disk  lead¬ 
ing  without  fan  reference  area  revision.  Adding  a  representative  turbine 
thrust  to  the  l/6-scale  model  disk  loading  was  considered  appropriate. 

The  contribution  of  the  turbine  thrust  to  the  forces  and  moments  acting 
on  the  model  was  treated  as  a  direct,  vectored  force  acting  at  the  fuse¬ 
lage  station  and  waterline  of  the  fan  center.  The  turbine  efflux  can 
actually  be  expected  to  alter  the  local  induced  yelocit-i®8  C-3  t-he  US&er= 
side  of  the  wing  and  fuselage,  but  no  reasonable  way  of  correcting  for 
the  induced  effect  is  known.  The  direct  force  contribution  of  the  tur¬ 
bine  is  probably  the  major  part  of  the  total  effect. 

As  stated  in  the  preceding  section,  the  wing  fan  turbine  thrust  was  esti¬ 
mated  to  be  10  percent  of  the  total  fan  plus  turbine  thrust.  The  turbine 
thrust  variation  with  thrust  coefficient  was  not  known, so  the  static  thrust 
contribution  was  used  for  all  calculations.  The  incremental  static  thrust 
due  to  the  turbine  is 
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The  incremental  lift,  drag, and  moment  due  to  fan  turbine  exhaurt  are 
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Since  the  iirtine  thrust  effectively  adds  to  the  disk  loading,  the 
l/'S-scale  model  thrust  coefficient  and  slipstream  dynamic  pressure  must  he 
corrected  in  this  exercise.  The  corrected  values  were  obtained  from  the 
following  equations  where  the  subscript,  corn,  denotes  the  value  corrected 
for  fan  turbine  thrust. 
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The  corrected  thrust  coefficient  and  dynamic  pressure  ratio  are  shown  in 
Figure  1.1. 

The  tota .  corrected  value  of  lift,  drag,  and  pitching  moment  slipstream  co¬ 
efficients  was  obtained  by  using  Equations  (l)  through  (?).  The  resulting 
equations  are 
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Figure  6.  Incremental  Aerodynamic  Coefficients  Due  to  Landing 
Gear  Down,  Power  Off, 
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Figure  ?.  Incremental  Aerodynamic  Coefficients  Due  to  Open  Pitch 
Inlet  and  Exit,  Power  Off. 
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4. 3. 4. k  Gas  Generator  Ram  Drag  Correction 

Since  the  benefit  of  the  wing  fan  turbine  thrust  was  added  to  the  l/6- 
scale  model  data,  the  penalty  of  gas  generator  ram  drag  must  also  be  in¬ 
cluded.  The  estimated  ram  drag  level  of  the  Ames  173  test  was  used  to 
correct  the  l/6-scale  data. 

The  1/6- scale  model  had  streamlined  plugs  which  sealed  off  the  engine 
inlets.  With  no  mass. flow  through  the  engine  ducts,  the  difference  in  drag 
due  to  engine  inlets  was  largely  ram  drag.  Since  the  ram  drag  correction 
was  necessarily  approximate,  other  possible  differences,  such  as  induced 
flow  over  the  canopy,  were  neglected. 

.  efficient  parameters  were  not  measured  during  the  Ames  173  and  177  tests 
to  calculate  engine  airflow,  nor  was  the  overall  ram  drag  correction  large 
enough  to  require  accurate  airflow  data. 

The  theoretical  ram  drag  of  the  fans  can  be  expressed  as  a  function  of 
thrust  coefficient  only.  The  engine  ram  drag  was  not  so  easily  handled 
because  it  is  a  function  of  both  power  setting  and  freestream  velocity. 

In  order  to  avoid  tying  each  data  point  to  a  specific  velocity  or  power 
setting,  several  assumptions  were  necessary  to  generalize  the  engine  ram 
drag  correction.  The  magnitude  of  the  correction  was  not  considered 
great  enough  to  justify  a  more  accurate  estimation. 

By  relating  the  airflow  througn  the  engine  to  the  airflow  through  the  fan, 
the  engine  ram  drag  coefficient  can  be  related  to  the  fan  ram  drag  coef¬ 
ficient  end  hence  to  thrust  coefficient.  The  general  expression  for  ram 
drag  and  the  corresponding  coefficient  is 
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The  engine  ram  drag  coefficient  is  then  related  to  the  fan  ram  drag  coef¬ 
ficient  by  the  equation  given  below: 
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The  wing  fan  corrected  mass  flow  can  be  estimated  from  momentum  consid¬ 
erations  and  is  given  by  the  following  equations  for  the  full-scale  fans: 
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The  engine  corrected  airflow  used  for  this  report  is  shown  in  Figure  12 
as  a  function  of  corrected  engine  speed.  The  basis  for  those  data  is  the 
calculated,  installed  performance  of  the  J-85  engine  in  the  XV-5A  as  pub¬ 
lished  in  Reference  9.  Since  the  fan  mass  flow  is  related  to  fan  speed 
and  engine  flow  to  engine  speed,  it  was  necessary  to  relate  engine  speed 
to  fan  speed.  The  data  used  for  this  were  taken  from  static  tests  of  the 
Ames  full-scale  model  during  Test  1?Y  end  are  shown  in  Figure  13.  An 
apparent  failure  of  engine  speed  instrumentation  occurred  during  the  static 
runs  of  Ames  Test  173,  so  those  data  were  not  used. 

Cross  plotting  the  data  of  Figures  12  and  13  gives  the  relationship  in 
Figure  lU  between  engine  airflow  and  wing  fan  speed  used  for  calculating 
the  engine  ram  drag  correction  in  this  report.  The  relationship  was  linear 
for  the  range  of  corrected  fan  speed  from  kO  to  70  percent,  but  became 
nonlinear  above  that  range.  Since  nearly  all  of  NASA-Ames  Tests  173  and 
177  were  run  in  the  low  fan  speed  range,  the  use  of  the  curve  in  Figure  1! 
was  considered  justified.  The  equation  expressing  the  relationship  be¬ 
tween  engine  airflow  and  fan  speed  from  Figure  iU  is  given  below: 
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If  Equations(9)and  (lO)are  combined,  the  ratio  of  engine  airflow  to  fan 
flow  is  obtained  as  shorn  in  the  following  equations: 
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It  should  be  noted  that  Equation  (ll)  is  valid  only  in  the  range  of  cor¬ 
rected  fan  speed  from  A<,  to  ?0-percent.  When  Equation  (ll)  is  substi¬ 
tuted  into  Equation  (8  ,  the  complete  expression  for  the  incremental  drag 
coefficient  due  to  engixe  xovn  drag  is  obtained: 
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The  high  location  of  the  engine  inlet  results  in  a  pitching  moment  cor¬ 
rection  due  to  the  ram  drag.  'The  application  of  the  ram  drag  force  was 
taken  as  the  center- of  the  face  of  the  inlet,  which  was  located  5-8?  feet 
forward  and  2.85  feet  above  the  reference  center  of  gravity.  The  pitch¬ 
ing  moment  coefficient  then  is  given  by  the  equation  below: 


AC  S  =  (0.5W  cosa  +  1.125  sina)AC_S  (1.3) 
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The  ran  drag  corrections  given  by  Equations  (12)  and  (13)  are  plotted  in 
Figure  15  for  40- ,  60-,  and  70-percent  corrected  fan  speed.  The  difference 
in  the  coefficient  between  1+0-and  JO-pe^cent  fan  speed  was  considered 
small  enough  that  the  value  for  60-percent  fan  speed  could  be  used  ei  a 
sufficiently  accurate  approximation.  The  ram  drag  correction  was  there¬ 
by  simplified  to  a  function  of  thrust  coefficient  only. 

3.4.5  Wing  Fan  Power  Correction 

The  wing  fan  power  coefficients  of  the  1/6-scale  model  were  based  on  the 
shaft  horsepower  output  of  the  model  drive  motor.  The  power  delivered  to 
the  fan  rotor  was  not  measured,  but  would  be  less  due  to  friction  losses 
in  the  mechanical  power  transmission  system.  It  was  observed  in  the  1/6- 
scale  model  power  coefficient  data  tanen  during  static  operation  that  the 
power  coefficient  varied  as  a  function  of  power  input  and  fan  speed. 
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Ideally ,  the  power  cx  -fficient  should  have  remained  constant  if  power 
were  indeed  directly  proportioned  to  the  cube  of  the  fan  speed.  Ref¬ 
erence  10  attributed  \ he  static  variation  in  power  coefficient  to 
system  friction  loss 3.  which  are  proportioned  to  the  square  of  the  fan 
speed.  Reference  1C  then  developed  a  correction  to  the  1/6-scale  model 
power  coefficient  data  to  remove  the  friction  losses  *,*id  thereby  pro¬ 
duce  a  . over  coefficient  which  did  not  vary  with  fan  speed  at  a  thrust 
coeffici.nt  of  1.0.  The  power  coefficient  correction  for  friction  losses 
developed  by  Reference-  13  was  used  to  correct  all  1/6-scale  model  power 
coefficient  data  in  this  report.  That  correction  is  given  by  the  follow¬ 
ing  equation: 


s  „  0^10h6 
P  Kj. 

The  friction  coefficient  correction  might  be  expected  to  vary  with  thrust 
coefficient  because  of  friction  loss  variation  with  changes  in  fan  rotor 
loading  due  to  crossflow  at  constant  fan  RPM.  The  variation  with  thrust 
coefficient  is  probably  a  relatively  minor  effect  compared  to  the  fan 
speed  effect. 

Power  coefficients  could  not  be  calculated  for  the  Ames  173  or  177  tests » 
because  the  necessary  parameters  to  perform  the  calculations  were  net 
measured.  A  qualtitative  indication  of  power  required,  however,  may  he 
obtained  from  gas  generator  RPM  alone ,hut  tests  were  run  at  essentially 
constant  fan  speed  so  that  the  variation  in  fan  speed  with  thrust  coef¬ 
ficient  at  constant  power  setting  was  not  available.  Measurement  of 
change  in  fan  speed  with  change  in  tunnel  speed  with  power  held  constant 
may  be  used  to  obtain  an  indication  of  the  ratio  of  power  coefficient  to 
the  static  power  coefficient. 

Horsepower  calculations  were  made  for  the  Ames  210  test  of  the  actual 
XV-5A  aircraft,  hut  those  data  were  all  obtained  with  values  r-f  exit 
louver  vector  and  stagger  associated  with  normal  control  system  rigging, 
not  directly  comparable  with  zero  louver  vector  or  stagger  data.  The 
horsepower  calculated  was  the  ideal  horsepower  available  at  the  turbine 
exit  of  the  gas  generator,  and  therefore  does  not  include  the  ducting 
losses  or  fan  turbine  efficiency  factor.  As  a  matter  of  interest, 
similar  data  were  measured  during  flight  test  evaluation  of  the  aircraft. 

A  correlation  of  1/6-scale  model  and  full-scale  wing  fan  power  required 
should  be  made  on  the  basis  of  power  delivered  to  the  fan  rotor.  Corre¬ 
lation  of  the  power  delivered  at  the  power  source  would  he  meaningful  only 
if  the  difference  between  mechanical  and  gas  power  transm:!  ssior.  loss  from 
the  source  to  the  fan  rotor  could  be  adequately  accounted  for.  There 
were  not  sufficient  test  data  to  determine  the  losses^  and  theoretical 
analysis  of  the  system  losses  was  beyond  the  scope  of  this  study.  There¬ 
fore,  correlation  of  1/6-scale  and  full-scaxe  wing  fan  power  required  was 
not  attempted. 


While  an  accurate  correlation  of  fan  power  required  was  not  possible ,  the 
effect  of  flight  speed  on  apparent  power  absorption  was  so  grossly  differ¬ 
ent  for  the  1/6-scale  and  full-scale  fans  that  there  was  little  doubt  that 
the  difference  existed.  The  difference  in  apparent  power  absorption  in 
crossflow  was  one  of  the  greatest  disparities  noted  between  the  1/6-scale 
and  full-scale  wing  fan  data.  The  effect  of  exit  louver  vector  and  stag¬ 
ger  angle  on  fan  power  absorption  was  Qualitatively  the  sane  for  both  sets 
of  fans. 

The  efface  of  crossflow  on  fan  power  absorption  can  be  expressed  as  the 
ratio  of  the  power  coefficient  at  some  value  of  thrust  coefficient  to  the 
static  power  coefficient.  Thus, 


If  the  exit  louver  angle  and  the  angle  of  attack  are  assumed  to  be  constant, 
the  variation  of  power  coefficient  ratio  with  thrust  coefficient  expresses 
the  variation  in  power  at  constant  fan  speed  or  the  variation  in  fan  speed 
at  constant  power.  The  power  coefficient  ratio,  in  theory,  is  ?>o£  subject 
to  the  large  errors  that  absolute  power  coefficient  is  because  it  is  only 
a  measure  of  the  relative  change  in  power,  or  fan  speed,  frot>  he  static 
value.  However,  in  practice,  the  accuracy  of  the  ratio  is  det;, -wined  by 
such  effects  as  the  exactness  with  which  power  changes  with  flight  speed 
variation  can  be  measured  and  the  effects  of  fan  and  engine  reinga^eior,  on 
power  developed  and  fan  speed. 

A  comparison  of  the  power  coefficient  ratio  for  the  1/6-scale  and  full- 
scale  wing  fans  is  shown  in  Figure  16  for  zero  exit  louver  angle  and  zero 
angle  of  attack.  The  full-scale  values  shown  are  the  same  as  those  used 
for  flight  simulator  studies  of  the  XV-5A.  They  were  obtained  from  Refer¬ 
ence  11  and  based  on  a  NASA-Ames  test  of  a  high  wing,  fan-Jn-wtng  model 
rising  original  General  Electric  X353-5  fans.  While  those  data  are  not 
exactly  applicable  to  the  XV-5A  aircraft,  chsy  are  quite  representative  of 
the  actual  full-scale  fan  characteristics. 

The  significant  factor  evident  in  Figure  16  is  the  variation  in  power 
coefficient  ratio  with  thrust  coefficient.  The  l/6-scale  model  date 
indicate  that  at  constant  fan  speed,  greater  power  is  required  with  de¬ 
creasing  thrust  coefficient,  while  the  full-scale  data  indicate  the 
opposite  trend.  The  difference  could  also  be  stated  as  at  constant  power 
the  1/6-scale  model  fan  speed  would  decrease  with  decreasing  thrust  coef¬ 
ficient  and  the  full-scale  far.  speed  would  increase.  This  discrepancy 
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was  never  satisfactorily  resolved  during  the  development  of  the  XV- 5A. 

If  the  variation  in  power  coefficient  ratio  were  the  same  for  both  models, 
it  would  b-.  of  little  concern  in  correlating  aerodynamic  coefficients. 

The  import uv  question  which  arises  from  the  difference  in  1/6-scale  and 
full-scale  o.  .far  coefficient  ratio  is:  how  does  the  actual  fan  thrust  vary 
at  constant  power  or  at  constant  fan  speed?  It  was  shown  in  Reference  5 
and  in  Section  3.0  of  this  report  that  the  more  valid  correlation  parameter 
is  really  thrust  coefficient  based  on  actual  thrust.  In  this  study  and  in 
the  development  and  flight  test  of  the  XV-5A,  the  fan  static  thrust  was 
used  for  the  correlation  parameter  because  of  its  measurability  and  unique 
relationship  to  fan  speed  and,  hence,  its  convenience.  Correlation  of 
small-  and  full-scale  modfil  data  would  be  valid  using  static  fan  thrust  if, 
at  any  condition,  the  ratio  of  actual  fan  thrust  to  static  thrust  is  the 
same  for  both  models.  If,  however,  the  ratio  is  different  for  small-scale 
and  full-scale,  then  at  the  .same  test  thrust  coefficient  based  on  static 
thrust,  the  two  modelr  would  be  at  different  thrust  coefficients  based  on 
actual  fan  thrust. 

The  variation  of  power  coefficient  ratio  with  thrust  coefficient  as  shown 
in  Figure  l6  has  been  attributed  to  two  plausible  explanations.  One  ex¬ 
planation  is  that  the  gross  fan  thrust  remains  relatively  constant  at  con¬ 
stant  fan  speed,  and  the  efficiency  of  the  fan  or  distribution  of  rotor  load¬ 
ing  changes  in  crossflow.  The  difference  in  l/6-scale  and  full-scale  char¬ 
acteristics  would  affect  the  correlation  of  test  data,  but  it  would  be 
virtually  impossible  to  make  any  corrections  because  only  the  induced  or 
interference  effects  of  fan  flow  would  be  involved.  Gross  fan  thrust  would 
remain  a  unique  function  of  fan  speed,  and  thrust  coefficient  based  on 
static  thrust  would  ’  valid  for  data  correlation  purposes.  The  second 
explanation  is  that  *an  efficiency  remains  relatively  constant,  and  a  con¬ 
stant  power  delivered  produces  a  constant  actual  fan  thrust  even  though 
fan  speed  may  vary.  If  the  latter  explanation  were  true,  ■'■hen  data  cor¬ 
relation  could  be  significantly  affected  by  the  difference  in  1/6-scaj.e 
and  full-scale  power  coefficient  characteristics,  because  power  would  be 
the  true  measure  of  actual  fan  thrust  and  fan  speed  would  not.  It  is 
most  lively  that  a  combination  of  the  two  explanations  is  the  reason  for 
power  coefficient's  varying  with  thrust  coefficient.  Measured  fan  momentum 
thrust  in  crossflow  would  be  required  to  support  either  of  the  two  explana¬ 
tions  . 

The  only  measured  momentum  thrust  in  crossflow  was  obtained  during  the 
NASA-Ames  full-scale  tests.  The  results  are  reported  in  Reference  12. 

Those  data  show  that  the  wing  fan  momentum  thrust  decreased  with  decreas¬ 
ing  thrust  coefficient  at  constant  fun  speed.  The  power  required  was  not 
determined  during  those  tests,  but  according  to  the  data  of  Figure  16, 
the  power  must  also  decrease  with  thrust  coefficient  at  constant  fan 
speed.  The  Ames  data  lend  support  to  the  assumption  that  the  actual 
fan  thrust  in  crossflow  varies  with  power  at  constant  fan  speed.  Whether 
or  not  the  actual  fan  thrust  is  constant  at  constant  power  could  be  deter¬ 
mined  only  if  power-required  data  were  available.  T’he  accuracy  of  the  Ames 
variation  of  momentum  thrust  in  crossflow  was  not  established  because  it 
was  not  kr.  wn  if  the  data  were  corrected  for  hot  gas  reingestion  into  the 
fan  inlet.  cc 


In  spite  of  the  many  unknown  factors  concerning  wing  fan  characteristics  in 
crossflow,  an  attempt  was  made  to  correct  the  1/6-scale  and  full-scale  test 
data  to  account  for  the  difference  in  the  variation  of  power  coefficient 
ratio  in  crossflow.  The  power  correction  was  based  on  the  assumption  that 
actual  gross  fan  thrust,  in  crossflow,  was  constant  at  constant  power  and 
not  at  constant  fan  speed.  There  was  not  sufficient  data  available  to 
establish  that  such  an  assumption  was  entirely  valid  or  invalid,  and  it 
was  at  best  partially  substantiated  by  the  comparison  of  power  coefficient 
ratio  and  momentum  thrust  measurement. 


If  actual  fan  disk  loading  is  assumed  to  be  constant  at  constant  power, 
then  the  power  coefficient  ratio  based  on  actual  disk  loading  would  be 
equal  to  1.0  for  the  case  of  zero  exit  louver  deflection. 

The  power  correction  then  amounts  go  adjusting  the  data  reduction  disk 
loading  to  a  value  corresponding  to  a  power  coefficient  ratio  of  one. 
The  disk  loading  corrected  to  constant  power  is  given  by  the  following 
equation: 
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The  thrust  coefficient  and  slipstream  dynamic  pressure  must  be  corrected 
to  the  adjusted  value  of  reference  disk  loading.  Those  corrections  are 
given  by  the  following  equations; 


(q  )p  1  +  T  S 
c 


J7T 


1CP 


'T 


(14) 


57 


The  aerodynamic  coefficients  were  then  corrected  by  multiplying  by  the 
slipstream  dynamic  pressure  ratio  given  in  Equation  (l4). 

In  arriving  at  an  illustration  of  the  effect,  the  power  correction  was 
applied  to  a  comparison  of  the  1/6-seale  and  full-scale  data  at  zero  exit 
louver  only. 

*♦•3.4,6  Pitch  Fan  System 

The  1/6- scale  model  pitch  fan  was  powered  by  a  separate  electric  motor 
and  gearbox  arrangement  in  the  same  manner  as  the  wing  fens.  The  power 
to  the  pitch  fan  was  not  measured,  and  correlation  with  full-scale  power 
data  was  not  possible . 

The  Ames  full-scale  model  was  equipped  with  an  XV- 5 A  pitch  fan.  The  full- 
scale  pitch  fan  was  driven  by  a  tip  turbine  in  the  same  manner  as  the  wing 
fans.  The  Ames  model  pitch  fan  was  powered  by  a  separate  T-58  gas  generator, 
whereas  the  pitch  fan  in  the  actual  XV-5A  wen  driven  by  hot  gas  bleed  from 
the  J-85  gas  generators  use?  +o  drive  the  wing  fans.  Power  data  were  not 
measured  for  the  Ames  full-scale  model  tests;  Xi.erefore,  correlation  was 
not  possible. 

Since  there  were  numerous  differences  between  the  1/6-scale  and  full-scale 
wing  fans  in  geometry  and  power  characteristics  which  could  not  be  ade¬ 
quately  accounted  for,  a  detailed  analysis  of  pitch  fan  differences  was 
not  warranted.  There  were  even  less  data  available  to  define  pitch  fan 
characteristics  than  for  the  wing  fans,  and  it  was  considered  unlikely 
that  differences  between  l/6-scale  and  full-scale  pitch  fans  could  be  re¬ 
solved.  Therefore,  pitch  fan  data  correlation  was  limited  to  examination 
of  static  thrust  reverser  door  effectiveness. 

4. 3. 4.7  Pitch  Fan  Thrust  Reverser  Door  Geometry 

The  pitch  fan  thrust  reverser  doors  presented  two  difficulties  in  correlat¬ 
ing  pitch  fan  effectiveness.  The  l/6-scale  model  and  the  XV-5A  aircraft 
doors  were  so-called  sugar  scoop  type,  in  that  they  had  end  plates  normal 
to  the  door  surface  at  the  forward  aud  aft  enda  of  the  door.  The  doors  of 
the  Ames  model  were  curved  meted  plates  with  no  end  plates.  The  effect  of 
that  difference  could  not  he  determined.  In  addition  to  the  end  plates, 
the  XV- 54  aircraft  had  cascade  doora  which  were  never  tested  on  a  wind 
tunnel  model. 

Besides  the  differences  in  thrust  reverser  dcor  configuration,  the  models 
used  different  door  position  references.  The  door  positions  for  the  actual 
aircraft  and  the  1/6-scale  model  were  measured  in  degrees  from  fully  closed, 
while  bn  the  HASA-Ames  model  the  position  was  measured  in  degrees  from  the 
maximum  thrust  position.  The  maximum  thrust  door  position  of  the  Ames  model 
was  assumed  to  be  112  degrees  from  fully  closed,  which  was  considered  a 
reasonably  accurate  estimate. 
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WING-BODY  CORRELATION 


41.4 

Correlation  of  wing-body  data  was  limited  to  the  45-degree  flap  config¬ 
uration  with  no  aileron  droop,  landing  gear  up,  pitch  fan  off,  and  the 
pitch  fan  cavity  closed.!  This  limitation  reduced  the  applicable  test 
data  to  those  of  the  l/6-scale  model  test  and  NASA- Ames  Test  173*  The 
reasons  for  selecting  the  described  configuration  are  given  below: 

1.  The  l/6-scale  wing-body  was  tested  at  only  three 
values  of  thrust  coefficient  with  zero  flaps, which 
was  not  sufficient,  considering  the  characteristics 
of  the  data. 

2.  Ames  Test  210  had  no  tail-off  (wing-body)  data. 

3.  Ames  Test  177  wing-body  data  were  all  obtained 
with  the  wing  fan  turbine  louvers  offset  30 
degrees  from  the  remainder  of  the  fan  louvers. 

4.  Ames  Tests  173  and  177  did  not  accurately  rep¬ 
resent  drooped  ailerons. 

5.  Ames  Test  173  had  no  pitch  fan  installed  and  no 
landing  gear. 

The  chosen  configuration  was  that  most  nearly  represented  by  tvo  differ¬ 
ent  tests.  The  degree  of  success  obtained  with  the  wing-body  correla¬ 
tion  was  considered  to  provide  a  measure  of  the  extent  to  which  further 
correlation  attempts  should  be  pursued. 

4.4.1  ZERO  ANGLE  OF  ATTACK  ,  ZERO  EXIT  LOUVER 

A  comparison  of  the  l/6-scale  and  Ames  full-scale  model  wing-body  char¬ 
acteristics  is  shown  in  Figure  17.  There  the  uncorrected  test  data  were 
in  poor  agreement  at  thrust  coefficients  below  about  0*95*  At  the  high 
thrust  coefficients,  the  drag  and  moment  coefficients  attained  good 
agreement.  The  inherent  nature  of  the  general  configuration  indicates 
that  the  drag  and  moment  coefficients  must  come  into  reasonably  good  agree 
ment  as  the  thrust  coefficient  approaches  1.0.  The  drag  coefficient 
must  approach  a  value  close  to  zero,  since  thrust  vectoring  is  zero,  the 
moment  coefficient  must  approach  approximately  -0.l6, which  is  the  nondimen 
sional  moment  arm  between  the  center  of  gravity  and  the  fan  center. 
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The  uncorrected  lift  coefficients  of  the  two  models  s^ovm  in  Figure  17 
were  generally  in  poor  agreement  at  all  thrust  coefficients.  The  varia¬ 
tion  of  lift  coefficient  with  thrust  coefficient  was  about  the  same  for 
both  models  below  a  thrust  coefficient  of  about  0.92;  however,  the  mag¬ 
nitude  of  the  l/6-scale  model  lift  coefficient  was  5  to  7  percent  greater 
than  that  of  the  Ames  full-scale  model.  At  thrust  coefficients  above 
0.92,  the  magnitude  and  variation  of  lift  coefficient  with  thrust  coef¬ 
ficient  disagreed  significantly.  It  would  be  well  to  note  here  that 
the  maximum  level-flight  speed  of  the  XV- 5A  aircraft,  at  zero  angle  of 
attack  with  the  pitch  fan  on,  corresponds  to  a  thrust  ^coefficient  of 
approximately  0.90. 

The  rapid  variations  in  lift  coefficient  at  high  thrust  coefficients 
shown  in  Figure  17  caused  some  concern  as  to  whether  they  actually 
existed  or  whether  they  were  due  to  data  inaccuracies  such  as  bad  test 
points.  After  examining  other  data  with  the  tail  on  and  different  flap 
settings,  it  was  concluded  that  the  characteristic  was  typical  of  that 
actually  obtained  during  the  test. 

No  data  were  presented  for  static  conditions  because  wind  tunnel  test 
data  under  those  circumstances  were  considered  to  be  highly  questionable. 
Reference  13  presents  some  insight  into  the  problem  of  very  low  speed 
testing,  wherein  a  pattern  of  recirculation  of  the  propulsion-lift  system 
efflux  can  be  set  up  in  the  tunnel.  Reference  13  is  discussed  further 
in  Appendix  III  with  wall  effects  and  wind  tunnel  limitations.  The 
minimum  test  velocity  above  which  test  data  could  be  considered  certain 
to  be  valid  was  not  established  for  any  of  the  XV- 5 A  model  tests.  There 
is  insufficient  experimental  data  currently  available  to  evaluate  the 
type  of  flow  phenomena,  discussed  in  Reference  13  ,  with  respect  to  a 
particular  configuration. 

In  addition  to  the  comparison  of  uncorrected  test  data,  the  effect  of 
data  corrections  successively  applied  to  the  Ames  full-scale  model  is 
also  shown  in  Figure  17  .  The  Ames  data  were  corrected  only  for  wall 
effects  and  strut  system  tares,  which  were  not  included  in  the  basic 
data.  The  wall  effect  correction  accounted  for  20  per dent  of  the 
difference  in  drag  coefficient  below  a  thrust  coefficient  of  0-95  with 
a  diminishing  effect  at  high  thrust  coefficients.  The  strut  correction 
reduced  the  wall  effect  increment  such  that  the  total  full-scale  correc 
tlon  factors  accounted  for  about  12  percent  of  the  difference  in  drag 
coefficient. 

Full-scale  corrections  to  moment  coefficient,  shown  in  Figure  17,  had 
only  a  minor  effect  on  the  correlation.  Wall  effects  adversely 
affect  ed  the  correlation,  while  the  strut  correction  nearly  cancelled 
out  that  due  to  the  wall  effect. 


There  was  no  lift  correction  due  to  the  Ames  173  strut  system.  Wall 
effect  corrections  had  a  large  adverse  effect  on  the  lift  coefficient 
correlation  below  a  thrust  coefficient  of  0.94.  The  wall  correction 
increased  the  difference  between  the  lift  curves  of  the  two  models  in 
Figure  17  by  50  to  100  percent.  At  high  thrust  coefficients;, the  wall 
correction  diminished  and  had  little  overall  effect  on  the  correlation. 

The  effect  of  the  corrections  successively  applied  to  the  l/6-scale 
model  data  is  shown  in  Figure  18  compared  to  the  final,  corrected, full- 
scale  model  data.  The  fan  turbine  thr-  st  correction  reduced  the  1/6- 
scale  model  drag  coefficient  even  thou.^h  there  was  no  actual  correc¬ 
tion  to  the  drag  force  at  zero  exit  louver.  This  was  due  to  the  in¬ 
creased  slipstream  dynamic  pressure  resulting  from  including  turbine 
thrust  in  the  corrected  fan  disk  loading  the  same  as  it  is  included  in 
the  full-scale  disk  loading.  The  derivation  of  the  1/6-scale  model  correc¬ 
tions  was  shown  in  Section  4.3,  and  the  individual,  effects  of  the  corrections 
shown  in  Figure  18  are  self-explanatory.  The  total  effect  of  all  1/6-scale 
model  corrections  on  the  data  correlation  was  discouraging.  Overall, 
the  1/6-scale  model  corrections  adversely  affected  the  lift  and  moment 
coefficient  correlation,  but  only  by  about  0.01  in  the  magnitude  of 
either  coefficient.  The  total  corrections  to  drag  coefficient  accounted 
for  15  to  25  percent  of  the  difference  between  l/6-scale  and  full-scale 
below  a  thrust  coefficient  of  about  0.94. 

An  example  of  the  effect  of  the  assumed  correction  for  wing  fan  power 
absorption  discussed  in  Section  4.3  is  shown  in  Figure  19.  The  correc¬ 
tion  was  applied  to  the  final  corrected  curves,  excluding  power,  of 
Figure  18.  It  is  evident  that  the  correction  had  a  very  large  effect, 
particularly  on  lift  coefficient.  The  correlation  of  lift,  drag,  and 
pitching  moment  coefficient  was  improved  in  varying  degrees  depending 
upon  the  thrust  coefficient. 

A  noteworthy  effect  of  the  power  correction  was  that  it  overcorrected 
lift  coefficient  such  that  the  full-scale  lift  coefficient  was  greater 
i.‘;  "i  the  l/6-scale  model  at  all  thrust  coefficients.  Without  the  power 
correction,  the  l/6-scale  model  lift  coefficient  was  greater  than  full- 
scale  below  a  thrust  coefficient  of  0,95*  Therefore,  the  wall  effect 
correct  ions,  which  had  an  adverse  effect  on  the  correlation  without 
tve  pover  correction,  would  enhance  the  lift  coefficient  correlation 
wilh  the  power  correction  applied. 

The  lack  of  measured  fan  momentum  thrust  data  or  a  definitive  relation¬ 
ship  letwocr.  actual  thrust  and  power  delivered  makes  the  power  correc¬ 
tion,  !» '‘r  beet,  an  estimate.  The  large  effect  of  the  power  correction 
on  the  c.ite.  c  . -relation,  though,  indicates  that  the  actual  momentum 
thrust,  i  on  v  rotual  momentum  jet  velocity  ratio,  cannot  be  ignored 
if  it  is  ;■  pec  establish  kinematically  similar  flow  conditions  be¬ 
tween  smal:  - .-cr.  •»  and  full-scale  models. 
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4.4.2 


VARIABLE  ANGLE  OF  ATTACK.  20  DEGRESS  VECTOR  ANGLE 


Of  the  wing-body  data  from  the  l/6-scale  model  and  Ames  Test  173>  there 
was  only  one  angle- of- attack  poiar  for  which  the  thrust  coefficient  of 
the  two  models  was  close  enough  tc  permit  a  direct  data  comparison  and 
for  which  the  Ames  model  thrust  coefficient  did  not  vary  sigr -ficontly 
during  the  test  run.  Those  data  were  obtained  at  an  exit  louv  'r  vector 
angle  of  20  degrees  and  are  shown  in  Figure  20. 

The  difference  between  the  full-scale  and  l/6-scale  uncorrected  test 
data  at  20  degrees  vector  angle  was  of  the  same  order  of  magnitude  as 
that  at  zero  vector  angle  for  the  same  thrust  coefficient.  The  thrust 
coefficients  of  the  two  models  shown  in  Figure  20  were  not  exactly  the 
same,  but  it  will  be  seen  that  they  are  very  nearly  the  same  after  all 
corrections  have  been  applied. 

Wind  tunnel  wall  corrections  and  strut  system  tares  supplied  to  the  full- 
scale  model  data,  Figure  20,  had  a  negligible  effect  on  the  drag  and 
moment  coefficients.  The  wall  effect  correction  accounted  for  about 
20  to  30  percent  of  the  difference  in  lift  coefficient,  but  increased 
the  difference  in  lift  curve  slope. 

The  effect  of  the  l/6-scale  model  corrections  on  the  data  correlation 
is  shown  in  Figure  21.  Note  that  the  fan  turbine  thrust  correction 
changes  the  thrust  coefficient  of  the  l/6-scaie  model  data  to  within 
0.001  of  the  full-scale  thrust  coefficient.  The  l/6-seale  model  cor¬ 
rections  had  only  a  small  effect  on  lift  coefficient,  but  accounted  for 
25  to  30  percent  of  the  difference  in  drag  coefficient  and  35  to  50 
percent  of  the  moment  coefficient  difference} depending  on  angle  of 
attack.  None  of  the  applied  corrections  had  any  effect  on  the  slope  of  the 
coefficients  versus  angle  of  attack.  Although  25  to  50  percent  of  the 
difference  between  l/6-scale  and  full-scale  model  data  was  accounted 
for,  the  remaining  discrepancy  was  still  too  large  tc  consider  the 
correlation  satisfactory. 

*.4.3  EXIT  LOUVER  VECTOR  EFFECTIVENESS 

A  comparison  of  the  thrust  vectoring  effectiveness  of  the  l/6-seale 
and  full-scale  model  wing  fans  is  shown  in  Fi.mre  22  for  a  thrust  coef¬ 
ficient  of  O.96.  Actual  test  data  from  the  Ames  173  test  could  not  be 
shown  because  there  were  no  wing-body  vector  effectiveness  data  at  the 
same,  thrust  coefficient  as  the  l/6_scale  model.  Therefore  results  from  cross¬ 
plots  of  data  are  shown.  Vector  effectiveness  is  shown  as  the  incremental 
change  in  the  aerodynamic  coefficients  due  to  vectoring  the  exit  louvers  from 
zero.  An  advantage  of  comparing  incremental  effects  is  that  most  of  the  data 
corrections  developed  in  Section  *J.3  become  identically  zero.  In  fact,  only 
two  of  the  model  corrections  are  applicable.  The  fan  turbine  thrust  cor¬ 
rection  to  the  1/6-scale  model  data  is  a  function  of  vector  angle  and  there¬ 
fore  applicable.  The  Ames  173  curve  should  actually  have  been  corrected  fo:* 
the  change  in  wall  effect  from  zero  vector  angle,  hut  the  magnitude  of  the 
correction  appeared  to  be  too  small  to  warrant  the  very  large  number  of  cal¬ 
culations  required 
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The  correlation  of  incremental  vector  effectiveness  shown  in  Figure  22 
was  surprisingly  good  compared  to  the  correlation  of  absolute  coeffi¬ 
cients  in  Sections  if.  4,1  and  4.4.2.  The  greatest  discrepancy  was  in 
drag  coefficient  at  4C  degrees  vector  angle,  where  the  Ames  model  ob¬ 
tained  11. 5  percent  less  incremental  drag  coefficient  than  the  1/6- 
scale  model.  The  l/6-scale  model  fan  turbine  thrust  correction  was 
within  the  scatter  of  the  1/6-scals  model  test  data. 

The  only  direct  comparison  of  actual  test  data  for  vectoring  effective¬ 
ness  of  the  l/6-scale  model  and  Ames  Test  173  was  at  a  thrust  coefficient 
of  about  0.978  with  ihe  horizontal  tail  on.  Those  data  are  shown  in 
Figure  23.  The  correlation  of  uncorrected  data  from  the  two  models 
was  good,  except  for  lift  coefficient.  The  lift  decrement  of  the  two 
models  due  to  vectoring  differed  by  nearly  a  constant  value  above  10 
degrees  vector  angle.  Figure  23  indicates  that  the  l/6-scale  model 
absolute  lift  coefficient  at  zero  vector  may  have  been  in  error,  but 
it  was  not  obvious  from  the  test  data. 

The  relatively  good  agreement  between  l/6-scale  and  full-scale  model 
vector  effectiveness  shown,  in  Figures  22  and  23  created  the  suspicion 
that  possibly  comparisons  had  been  made  in  the  only  range  of  thrust 
coefficient  where  the  two  models  did  agree.  Vector  effectiveness  was 
further  Investigated  for  the  effect  of  thrust  coefficient.  That  effect 
is  shown  in  Figures  24  and  25  for  both  models.  The  l/6-scale  model  data 
shown  in  those  figures  are  the  difference  between  two  actual  test  points, 
whereas  the  Ames  173  data  are  the  difference  between  faired  curves  at 
constant  vector  angle.  The  approach  with  the  Ames  173  test  data  was 
necessary  because  thrust  coefficient  varied  too  much  from  run  to  run  and 
from  data  point  to  data  point. 

The  trends  in  lift  coefficient  shown  in  Figures  24  and  25  agree  quite 
well  for  the  two  models.  The  l/6-scale  model  lift  and  moment  coefficient 
increments  are  nearly  within  the  scatter  of  the  Ames  data;  however,  suffi¬ 
cient  1/6- scale  test  data  are  sorely  lacking. 

Ibq  major  discrepancy  between  the  l/6-scale  and  full-scale  model  vector 
effectiveness  was  in  the  variation  of  the  incremental  drag  coefficient 
with  thrust  coefficient.  In  Figures  24  and  25,  the  l/6-scale  model 
drag  coefricie.it  increment  remains  constant  or  increases  with  decreas¬ 
ing  thrust  coefficient, wh^le  the  Ames  model  data  decreases.  The  reason 
for  the  discrepancy  could  not  be  determined. 

4.4.4  EXIT  LOUVER  STAGGER  EFFECTIVENESS 

There  were  no  exit  louver  stagger  effectiveness  data  from  the  l/6-scale 
model  and  Ames  Test  173  which  were  directly  comparable.  A  limited  com¬ 
parison  is  shown  in  Figure  26,  where  the  1/6- scale  model  curve  was  ob¬ 
tained  by  cross-plotting  other  test  data.  Note  also  that  the  Ames  model 
had  the  horizontal  tail  on  and  the  l/6-scale  model  did  not,  but  that 
difference  should  have  a  negligible  effect. 
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The  agreement  in  stagger  effectiveness  between  the  two  models  shown  in 
Figure  26  was  very  good  without  attesting  any  correction!  .  As  in  the 
case  of  vector  effectiveness, the  stagger  effectiveness  muy  not  compare 
sc  well  at-  other  thrust  coefficients.  There  were  not  enough  date  fer 
both  models  to  correlate  the  effect  of  thrust  coefficient  on  stagger 
elfectiveness. 

4.4.5  STATIC  AERODYNAMIC  DERIVATIVES 

A  general  comparison  of  angle-of-attack  effects  for  the  full-scale  and 
l/6-scale  models  was  not  feasible,  due  to  the  lack  of  a  common  test 
thrust  coefficient  and  to  the  full-scale  model  thrust  coefficient's  some¬ 
times  varying  appreciably  during  a  run.  Therefore,  it  was  decided  to 
compare  the  lift,  drag. and  moment  coefficient  derivatives  with  respect 
to  angle  of  attack.  The  derivatives  were  evaluated  at  zero  angle  of 
attack. 

The  variation  of  the  aerodynamic  derivatives  with  thrust  coefficient 
at  zero  exit  louver  angle  is  shown  in  Figure  27.  The  corrections 
applied  to  the  data  in  Figure  27  were  obtained  by  simply  taking  the 
derivative,  with  respect  to  angle  of  attack,  of  fche  corrections  derived 
in  Section  4.3* 

The  greatest  discrepancy  between  the  l/6-scale  and  full-scale  model 
derivative  was  in  the  pitching  moment  or  static  stability  derivative. 

The  l/6-scale  model  wing-body  was  30  to  50  percent  more  unstable  than 
the  Aires  full-scale  model  below  a  thrust  coefficient  of  0.94.  It  was 
pointed  out  in  Section  4.3  that  the  same  difference  existed  in  the 
conventional  flight  configuration  for  both  zero  and  45  degrees  flap 
deflection.  As  is  evident  in  Figure  27 ,  applying  the  data  corrections 
generally  increased  the  magnitude  of  the  discrepancy.  The  reasons  for 
the  difference  in  static  stability  between  the  two  models  could  not  be 
identified. 

The  lift  coefficient  derivatives  for  the  two  models  were  in  fair  agree¬ 
ment,  but  not  to  the  extent  desirable  for  a  correlation  of  test  data. 

More  data  points  would  have  been  desirable  for  the  Ames  173  wing-body 
to  ascertain  if  any  scatter  existed  in  the  derivative,!  The  cor¬ 
rections  applied  to  the  Hit  coefficient  derivative  accounted  for 
about  40  percent  of  the  difference  between  the  two  models  below  a 
thrust  coefficient  of  0. 91,  and  had  a  negligible  effect  at  higher 
thrust  coefficients. 

Correlation  of  the  drag  coefficient  derivative  shown  in  Figure  27  was 
not  conclusive  due  to  considerable  scatter  in  the  data,  particularly  for 
the  l/6-scale  model.  As  in  the  case  of  the  lift  coefficient  derivative, 
more  full-scale  model  wing-body  data  would  have  been  desirable.  The 
full-scale  model  uncorrected  data  were  predominantly  within  the 
cioatter  of  the  1/6- scale  model  data.  Fata  corrections  had  no  discern¬ 
ible  effect. 


The  effect  of  exit  louver  vector  angle  on  the  aerodynamic  derivatives 
is  shown  in  Figure  28  for  a  thrust  coefficient  of  O.96.  There  was  a 
severe  shortage  of  Ames  173  test  data  at  the  same  thrust  coefficient 
as  the  1/6-scale  model.  The  l/6-scale  model  data  shown  were  the  only 
data  available  for  the  variation  of  the  derivatives  with  vector  angle. 
Since  there  was  only  one  data  point  available  for  the  Ames  full-scale 
model,  a  fairing  was  made  to  the  value  for  zero  vector  angle  from 
Figure  27. 

The  lift  coefficient  derivatives  shown  in  Figure  28  were  in  good 
agreement  at  20  degrees  vector  angle,  but  an  apparent  discrepancy 
existed  at  zero  vector.  The  data  corrections  applied  had  a  negligible 
effect  on  the  correlation. 

The  3ame  difference  in  static  stability  shown  in  Figure  27  at  zero 
vector  also  is  evident  in  Figure  28  at  20  degrees  vector  angLe.  The 
moment  coefficient  derivative  of  either  model  was  not  significantly 
affected  by  vector  angle  at  a  thrust  coefficient  of  O.96.  The  net 
effect  of  the  l/6-scale  model  data  corrections  was  negligible  compared 
to  the  difference  between  the  two  models. 

F'-gure  28  shows  an  apparently  large  difference  in  the  l/6-scale  and 
full-scale  model  drag  coefficient  derivative  versus  vector  angle. 

The  value  for  the  l/6-scale  model  at  zero  vector  in  Figure  28  can  be 
seen  to  be  considerably  below  the  faired  average  in  Figure  27.  If 
the  zero  vector  angle  value  was  actually  in  error,  it  would  mean  that 
possibly  the  entire  l/6-scale  model  curve  was  low  in  drag  coefficient 
derivative.  In  such  a  case,  the  correlation  of  the  two  models  would 
be  greatly  improved.  Since  there  were  no  other  l/6-scale  model  data 
with  which  to  compare  the  effect  of  vector  angle,  the  accuracy  of  the 
data  shown  in  figure  28  could  not  be  verified. 


4.5  DQWHWASH 

A  limited  amount  of  wing-body  downwash  data  is  presented  in  Figure  29 
for  the  1/6-scale  and  full-scale  models.  The  horizontal  tail  downwash 
angle  was  taken  at  the  point  of  intersection  of  the  tail-on  and  tail- 
off  curves  of  pitching  moment  coefficient  versus  angle  of  attack. 

The  Ames  173  downwash  angles  were  difficult  to  detennine  more  accurately 
than  ±2  or  3  degrees  because  of  data  scatter  and  because  the  tail-on  and 
tail-off  curves  were  nearly  parallel  at  their  intersection.  Comparison  of 
downwash  from  other  tests  and  models,  such  as  Ames  210,  was  hampered 
by  dissimilar  test  conditions  and  configuration  differences  which 
could  not  be  adequately  reconciled.  From  the  data  of  Figure  29,  it 
can  only  be  concluded  that  the  full-scale  and  l/6-scale  model  down- 
wash  angles  were  of  the  same  order  of  magnitude. 
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**.6  PITCH  FAN 

A  comparison  of  the  static  pitch  fan  thrust  reverser  door  effective¬ 
ness  is  shown  in  Figure  30  for  the  l/6-scale  model,  the  Ames  full-scale 
model,  and  the  XV-5A  aircraft.  The  differences  in  door  geometry  were 
discussed  in  Section  4.3*  The  XV-5A  aircraft  with  the  cascade  reverser 
doors  would  be  expected  to  exhibit  the  greater  effectiveness  and  re¬ 
versing  capability  shown  in  Figure  30.  The  Ames  model  and  the  1/6- 
scale  model  were  most  nearly  the  same  geometrically, and  they  show  about 
the  same  effectiveness  or  slope  versus  door  position.  The  difference 
in  zero  thrust  door  position  of  the  Ames  and  l/6-scale  models  shown 
in  Figure  30  may  have  been  due  to  the  inability  to  determine  the  pitch 
fan  door  reference  position  of  the  Ames  model,  which  was  discussed  in 
Section  4.3. 

Correlation  of  pitch  fan  door  effectiveness  in  transition  was  not 
attempted,  partially  because  of  the  lack  of  good  correlation  stati¬ 
cally  .  The  test  data  from  models  with  different  reverser  doors  would 
not  be  expected  to  correlate,  and  the  differences  due  to  door  geometry 
and  reference  position  could  not  be  corrected.  In  addition,  the  ratio 
of  pitch  fan  to  wing  fan  speed  for  the  l/6-scale  model  was  not  the 
same  as  full-scale, so  possible  differences  in  interference  effects 
would  be  introduced.  Those  differences  could  not  be  accounted  for 
either. 


4.7  POWER 


Correlation  of  power  data  beyond  that  shown  in  Figure  l6  was  not  attempted. 
There  were  known  to  be  very  large  apparent  differences  in  wing  fan  power 
absorption  between  the  l/6-scale  and  full-scale  models.  Comparioon  of 
power  output  at  the  power  source  would  be  incorrect  because  of  the  dif¬ 
ferent  methods  of  transmission  of  power  to  the  fan  rotor.  There  was  not 
sufficient  information  available  to  determine  the  povat  delivered  to 
the  fan  rotor;  therefore,  no  common  basis  existed  for  correlation  of  abso¬ 
lute  power  data.  Furthermore,  there  were  no  power  data  available  from  the 

Ames  173  or  177  tests.  Some  comparison  of  the  ratio  of  power  at  any 
condition  to  the  static  power  required  n  terms  of  coefficients,  would 
have  been  possible,  but  would  not  have  ,^en  meaningful  in  terms  of  data 
correlation.'  There  is  no  way  of  correcting  the  power  from  one 
model,  such  as  in  Figure  l6,  to  account  for  the  difference  in  power 
required  between  two  models.  Such  a  correction  should  not  be  confused 
with  the  power  correction  derived  in  Section  4.3.4. 5.  In  the  so-called 
power  correction  of  Section  4. 3*^.5,  power,  per  se,  was  not  the  signifi¬ 
cant  parameter,  but  was  used  only  as  a  device  to  establish  the  magnitude 
of  possible  adjustments  to  fan  disk  loading. 
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COI-SPLETE  MODEL 


U.8 


Comparison  of  Aces  173  and  177  complete  model  data  with  1/6-scale  model 
data  would  not  have  been  meaningful  because  of  the  rather  poor  correla¬ 
tion  obtained  with  the  wing-body  data.  Correlation  of  actual  XV- pA 
aircraft  data  from  Ames  Test  210,  which  was  all  complete  model  data,  with 
the  l/6-scale  data  would  have  been  mere  appropriate  because  the  air¬ 
frame  geometry  was  more  similar.  However,  the  apparent  differences 
between  the  l/6-scale  model  and  full-scale  wing  fans  were  considered  to  be 
the  most  significant  factors  affecting  data  correlation,  and  .those 
differences  could  not  be  reconciled.  Therefore,  it  is  unlikely  that 
correlation  using  the  Ames  210  data  would  have  been  any  more  meaningful 
thar.  that  using  the  Ames  173  or  177  data.  For  these  reasons,  no  correla¬ 
tion  of  complete  model  data  was  made. 
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NOTES: 

1.  Data  from  NASA-Ames  Test  177 

2.  No  Pitch  Pan  Bleed  Flow 

3.  h/D  *  2.2 

4.  j3  *  Of  fi  *  of  V  »  0° 

5.  slsased  on  ^Tunnel  Temperature 


O  Right  Engine  and  Right  Fan 
□  Left  Engine  and  Left  Fan 
Flag  Denotes  Both  Engines  and 
Both  Fans  Running 


Figure  13.  Variation  of  Wing  Fan  Speed  With  Gas  Generator  Speed, 


Figure  17.  Effect  of  Full-Scale  Data  Corrections  on  Wing-Body  Correlation 


,  Tall  Off.  Pitch  Far.  Off 


Correlation.,  3  -20' 


Tail  OH.  Pitch  Fan  01! 
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Figure  21.  Effect  of  Ryan  1/6 -.Scale  Model  Data  Cori  ections  on  Wing-Body 
Correlation,  3  =20°,  3  =0°,  T  S=G.96. 

'  J  o  r* 


Figure  24.  Effect  of  Thrust  Coefficient  on  Vector  Effectiveness,  NASA-Ames 
andj  Ryan  1/6-Scale  Models,  6  =10°,  15°,  and  30°,  Q  =0°,  a=0°. 


Figure  25.  Effect  of  Thrust  Coefficient  on  Vector  Effectiveness,  NASA-Ames 
and  Ryan  1 /6-Scale  Models,  3  =20°  and  l<0o,  3  =0°,  a=0°. 
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£y  *  0°,  PB  *  0°,  <5f  ®  45  *  0°, piteh  Fan  Off 


SYM 

T  8 
c 

o 

0. 984 

□ 

0e976 

O 

0.943 

o 

0. 930 

k 

0.913 

Q 

0.885 

A 

0.873 

o 

0.848 

NOTES: 

Unflagged  symbols  denote  1/ 6-scale 
model  with  landing  gear  down  and 
pitch  fan  doors  open. 

Flagged  symbols  denote  Ames  173 
model  without  landing  gear  or 
pitch  fan  doors. 


Figure  29.  Correlation  of  Horizontal  Tail  Downwash,  NASA-Ames  and 

Ryan  l /6-Scale  Models,  3  =0°,  6  =  0°. 
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<WT  > 


SYM  MODEL 

□  AMES  173 
/\,  1  /  6 -Scale 

O  XV- 5 A 


0°»V=0° 

REMARKS 

■Wing  fans  off 
Wing  fans  off 

XV-5A  62-4505  SAFE  thrust  stand  test, 
cascade  reverser  doors 


Flagged  symbol  denotes 
pitch  fan  doors  removed 


Figure  30.  Correlation  of  Static  Pitch  Fan  Door  Effectiveness, 

NASA -Ames  Model,  Ryan  1 /6-Scale  Model  and  XV- 5A 
Aircraft. 
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5.0  AIRCRAFT  CHARACTERISTICS 


5.1  SELECTION  OF  BASIC  DATA 


The  basic  data  selected  to  represent  the  XV-5’A  aircraft  characteristics  for 
establishing  equilibrium  conditions  in  fan-mode  flight  were  chosen  from  the 
full-scale  tests  of  the  aircraft  in  the  Ames  UO-x-80.  foot  Wind  Tunnel  (Ames 
Test  210).  These  data  were  considered  to  be  superior  to  data  obtained  from 
other  model  tests,  as  the  interrelated  aerodynamic  effects  of  the  aircraft 
configuration,  propulsion  system,  and  contr-)!  system  settings  were  properly 
accounted  for.  Although  test  data  were  available  with  the  nose  fan  inoper¬ 
ative,  all  tests  were  conducted  with  the  horizontal  tail  installed,  requir¬ 
ing  corrections  for  the  presence  of  the  tail  in  order  to  arrive  at  the  basic 
wing-body  characteristics  required  for  the  development  of  the  stability  der¬ 
ivatives.  This  correction  required  the  use  of  estimated  tail  effectiveness 
data,  but  the  possible  errors  introduced  are  believed  to  be  secondary  to 
the  considerations  of  total  aircraft  system  representation  discussed  above. 

5.1.1  CORRECTIONS  TO  OBTAIN  WING-BODI  CHARACTERISTICS 

The  longitudinal  force  and  moment  coefficients  obtained  from  Ames  Test  210 
are  shown  in  Figure  31  for  zero  geometric  angle  of  attack  with  the  nose  fan 
inoperative.  These  data  were  corrected  to  zero  exit  louver  stagger  by  use 
of  limited  stagger  effectiveness  data  derived  from  the  210  test,  and  to  the 
tail-off  configuration  by  the  estimated  contributions  of  the  horizontal  tail 
shown  in  Figures  32  and  33.  The  tail  increments  were  calculated  from  the 
equations  given  in  Reference  lU ,  page  1  )3 . 

Finally,  the  basic  data  were  corrected  to  the  condition  of  100  percent  col¬ 
lective  lift  stick,  which  is  the  normal  setting  for  this  control  in  actual 
flight.  The  stagger  effectiveness  utilized  for  this  correction  was  obtained 
from  static  thrust  stand  tests  of  tne  XV-5A  at  Edwards  Air  Force  Base  and 
is  discussed  in  Reference  15,  Routine  Q.  The  thrust  stand  tests  were  con¬ 
ducted  with  modified  stiffened  exit  louvers ,  which  resulted  in  a  larger 
lift  variation  with  louver  stagger  angle  than  was  obtained  with  the  orig¬ 
inal  louvers  during  the  full-scale  wind  tunnel  tests.  The  resulting  cor¬ 
rections,  due  to  the  stagger  washout  schedule  with  vector  angle  at  100  per¬ 
cent  collective  lift  stick,  are  shown  in  Figure  3^  as  a  function  of  fan 
thrust  coefficient.  The  final,  corrected  wing-body  data, which  are  shown 
in  Figure  35,  served  as  the  basic  characteristics  for  developing  the  wing- 
body  contributions  to  the  stability  derivatives. 

5.1.2  CORRECTIONS  TO  OBTAIN  COMPLETE  AIRPLANE  CHARACTERISTICS 

The  horizontal  tail  drag  increment  of  Figure  32  and  the  nose  fan  drag 
contribution  shown  in  Figure  36  were  added  to  the  basic  data  of  Figure  35 
to  obtain  the  total  airplane  drag  level,  as  shown  in  Figure  37.  The  tail 
drag  for  a  constant  incidence  of  20  degrees  was  added  for  vector  angles  less 
than  30  degrees  and  for  15  degrees  incidence  for  vector  angles  greater  than 
30  degrees.  The  nose  fan  contribution  was  calculated  from  the  following 
equation  derived  from  simple  momentum  theory  in  Reference  lU ,  page  126: 
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This  expression  has  been  shown  to  predict  the  nose  fan  momentum  drag  in¬ 
crement  obtained  from  nose  fan-on  and-off  wind  tunnel  data  (Figure  36 
and  Reference  14  ). 


5.2  LQNGITUDDIAL  TRIM  ANALYSIS 

The  drag  curves  of  Figure  Si  form  a  graphical  method  for  determining  the 
value  of  trimmed  thrust  coefficient  for  each  vector  angle  at  the  inter¬ 
section  of  the  drag  curves  with  the  zero  ordinate.  The  untrimmed  values 
of  pitching  moment  coefficient  at  the  trimmed  values  of  thrust  coefficient 
are  then  set  equal  to  zero  for  equilibrium  about  the  Y-axis, and  the  corre¬ 
sponding  untrimmed  lift  coefficients  are  corrected  for  the  effects  of 
balancing  the  pitching  moment. 

5-2.1  PITCHING  MOMENT  TRIM 

The  pitching  moment  coefficient  obtained  from  Figure  35  at  the  trim  values 
of  thrust  coefficient,  when  dded  to  the  appropriate  tail  mornen*  increments, 
represents  the  total  untrimmed  pitching  moment  with  the  nose  fan  inopera¬ 
tive.  In  order  to  balance  this  moment  with  the  controls,  it  was  necessary 
to  add  the  nose  fan  moment  contribution  at  the  thrust  modulator  door  seu- 
tings  corresponding  to  a  specified  control  stick  position,  and  then  to 
determine  the  change  in  control  setting  required  to  bring  the  moment  into 
equilibrium.  The  nose  far.  moment  contribution  at  zero  longitudinal  stick 
position  was  determined  from  comparisons  of  nose  fan-on  and  nose  fan-off 
data  at  approximately  the  same  test  conditions. 

An  untriramed  pitching  moment  parameter  was  developed  in  terms  of  nose  fan 
and  elevator  control  characteristics  in  the  following  form: 
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is  the  nose  fan  door  effectiveness  parameter, 


is  the  nose  fan  door  gearing,  deg/in. 


.024  per  deg 


is  the  elevator  gearing,  3.75  deg/in. 
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— t—  is  the  elevator  effectiveness,  -.01025  per  deg 
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This  equation  was  evaluated  for  a  range  of  thrust  coefficients  for  each 
vector  angle,  as  shown  in  Figure  38.  Nose  fan  door  gearing  characteris¬ 
tics  are  shown  in  Figure  39.  Nose  fan  door  effectiveness  was  obtained 
by  calculating  the  nose  fan  lift  from  the  lift  coefficient  of  Equation 
(23)  and  normalizing  by  the  nose  fan  static  thrust.  Typical  results  are 
shown  in  Figure  40  for  two  wind  tunnel  test  conditions  in  comparison  with 
static  thrust  stand  test  data. 


The  change  in  control  positions  for  moment  equilibrium  was  determined 
from  the  following  relationships : 
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The  control  settings  required  for  trim  drag  and  moment  at  the  trim  values 
of  thrust  coefficient  are  shown  in  Figure  t?. 
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5.2.2 


TRIMMED  LIFT  COEFFICIENT 


The  total  airplane  lift  coefficient  at  trim  was  determined  from  the 
following  summation: 


cTs  =  cTs  +acts  +  ac_s  +ac_s  +ac_s  (20) 

L  LWB  Lt  11  NF  LINT  L  6  e 


where 


C  is  the  basic  wing-body  value 
L  V® 


ACr  is  the  tail  lift  contribution 
L  t 


ACr  is  the  direct  nose  fan  contribution 
L  NF 


AC  is  the  nose  fan  interference  contribution 

L  INT 


AC  s  is  the  elevator  contribution,  .028  (l-T  )A6 
L  c  e 

6e 

The  direct  nose  fan  contribution  was  calculated  from  the  lift  parameter 
of  Figure  36. 

s  lCL  1  8KItP 


The  nose  fan  interference  lift  increment  was  calculated  from  the  lift 
factors  shown  in  Figure  Hi, 
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The  nose  fan  interference  effect  was  determined  during  the  evaluation  of 
nose  fars-on/off  data  from  comparison  of  measured  and  calculated  lift  in¬ 
crements.  The  lift  required  to  produce  the  measured  pitching  moment  in¬ 
crement  due  to  the  nose  fan  was  calculated  from 


(23) 


The  interior ence  lift  from  the  difference  between  the  measured  and 
calculated  quantities  was  calculated  from 


AC_S  =AC_S  -£C  S  (2U) 

IKT  b  meas.  b 

This  lift  increment  is  shown  in  Figure  Ui  in  terms  of  nose  fan  door  posi¬ 
tion  from  several  sources  of  wind  tunnel  data.  Although  there  is  consid¬ 
erable  scatter  in  the  data,  definite  trends  are  indicated  which  show  an 
apparent  lift  loss  on  the  wing  due  to  nose  fan  operation  near  neutral  lift* 
which  is  larger  than  the  direct  nose  fan  lift  force, and  a  slight  increase 
in  the  lift  loss  with  increasing  nose  fan  door  angle  in  the  positive  lift 
direction. 

The  curves  faired  through  the  data  points  of  Figure  1(1  represent  the  values 
of  interference  lift  increments  used  in  Equation  (20). 

5.2.3  TRIM  AIRSPEED  IN  TRANSITION 

The  true  airspeeds  for  equilibrium  flight  at  each  vector  angle  were  cal¬ 
culated  for  a  gross  weight  of  10,000  pounds  from  the  following  equation: 
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where  CL  and  T  "  are  the  eauilibriun  values. 
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speed  are  shown  in  Figure  1(3  as  a  function  of  vector  angle.  The  required 
wing  fan  reference  static  thrust  was  determined  from 
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and  is  shown  in  Figure  52. 
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Figure  33.  Estimated  Horizontal  Tail  Pitching  Moment  Increment. 
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6.0  STABILITY  AND  CONTROL  DERIVATIVES 


6.1  DERIVATION  OF  EQUATIONS 

6.1.1  GENERAL  DESCRIPTION  OF  THE  STABILITY  DERIVATIVES 

The  longitudinal  staoility  derivatives  originated  herein  were  developed  in 
dimensional  form  for  a  system  of  body  axes  so  as  to  bo  suitable  for  use 
with  conventional  linear  equations  of  motion  for  small  perturbation  stabil¬ 
ity  and  control  analyses  of  flight  characteristics  in  the  fan  mode. 

6.1.2  METHOD  OF  APPROACH 

The  equations  for  the  stability  derivatives  were  developed  independently 
to  express  the  contributions  of  the  horizontal  tail,  the  wing-body  combina¬ 
tion,  and  the  nose  fan.  This  procedure  enabled  an  assessment  of  the  rela¬ 
tive  magnitudes  of  the  principal  contributions  to  the  aircraft  stability 
characteristics  and  is  compatible  with  the  normal  wind  tunnel  test  tech¬ 
nique  of  model  data  buildup  methods.  This  approach  further  permits  the 
omission  of  certain  terms,  depending  upon  the  condition  being  analyzed, 
such  as  the  nose  fan  terms  for  pitch  fan-diverted  flight  or  the  tail  terms 
at  very  low  speeds. 

The  derivatives  were  developed  for  transition  flight  at  trimmed  flight 
conditions  corresponding  to  exit  louver  vector  angles  of  about  10  degrees 
and  above.  This  procedure  permitted  the  utilization  of  stability  axes 
data  in  coefficient  form,  and  the  derivatives  are  analogous  uo  conven¬ 
tional  stability  derivatives  for  small  excursions  in  angle  of  ar-tack. 

The  flight  condition  of  very  low  speeds  near  hovering,  where  angle  rf 
attack  is  undefined  or  may  attain  very  large  values,  was  considered  as  a 
special  case, and  those  derivatives  _re  referred  to  as  "hovering  derivatives". 
Under  th0'-  conditions, the  forces  and  moments  are  predominantly  generated  by 
the  changes  in  mass  flow  of  the  fan  systems  and  are  predictable  by  momentum 
theory  and  by  consideration  of  the  resulting  induced  effects  of  the  mass 
flow  on  the  aircraft  structure. 

In  the  development  of  the  derivatives,  small-angle  approximations  were  gen¬ 
erally  not  made  except  for  the  product  of  small  terms.  Some  of  the  terms 
which  are  retained  are  small  by  inspection,  however,  and  can  be  neglected 
for  angles  of  attack  near  zero. 

The  equations  were  developed  by  writing  expressions  for  the  longitudinal 
forces  and  moments  and  performing  the  differentiation  of  these  expressions 
with  respect  to  the  velocity  perturbations,  u,  w,  and  q.  The  resulting 
equations  are  simple  expressions  in  terras  of  the  nondimens ional  coefficients 
and  static  stability  derivatives  obtainable  from  wind  tunnel  test  data. 

The  detailed  derivations  of  the  derivative  equations  and  special  considera¬ 
tions  involving  the  assumptions  which  govern  the  source  or  applicability 
of  the  derivatives  are  contained  in  Apperdix  I  . 
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6.1.3 


TRANSITION  DERIVATIVE  EQUATIONS 


The  stability  end  control  derivative  expressions  for  the  transition  flight 
speed  range  which  were  developed  in  Appendix  I  for  the  general  case  are 
given  in  Appendix  II,  Table  IX,  for  the  condition  of  zero  angle  of  attack. 
The  wing-body  terns  ir.clude  the  effects  of  constant  power  input  to  the  fans, 
as  discussed  in  Appendix  I.  The  control  derivatives  are  given  as  two  parts 
representing  the  elevator  and  nose  fan  thrust  mod».  .ator  doors. 

6.1.4  HOVERING  DERIVATIVE  EQUATIONS 

The  hovering  derivative  equations  which  are  inde/ r oient-  of  angle  of  attack 
are  given  in  Appendix  II,  Table  X.  The  derivatives  with  respect  to  vertical 
velocity  and  pitch  rate  include  aerodynamic  terns  due  to  the  fuselage  and 
horizontal  tail, which  approximate  their  damping  contributions  by  linearizing 
the  expression  in  terms  of  the  maximum  value  of  the  perturbation  velocity. 


6.2  CALCULATION  OF  STABILITY  AND  CONTROL  DERIVATIVES 

The  stability  derivative  equations  given  in  Appendix  II  were  evaluated  at 
each  trim  airspeed  determined  as  a  function  of  vector  angle,  as  shown  in 
Figure  43.  The  required  inputs  for  calculation  of  the  contributions  of 
the  horizontal  tail,  wing-body,  and  nose  fan  are  discussed  in  the  following 
sections.  ^ 

6.2.1  HORIZONTAL  TAIL 

The  values  of  the  required  inputs  for  calculation  of  the  horizontal  tail 
derivatives  are  given  in  Table  V,  .-here  the  values  of  tail  lift  and  drag 
coefficient  and  downwash  character .sties  were  obtained  from  Figures  44 
and  45.  The  tail  force  coefficients  were  derived  from  the  tail  increments 
discussed  in  Section  5*1*  The  downwash  characteristics  were  obtain ;d 
from  teste  of  the  l/6-scale  model  of  the  XV-5A  (References  10  and  14). 

6.2.2  WING-BODY 

The  values  of  the  required  inputs  for  the  wing-body  derivatives  are  given 
in  Table  VI  and  Figures  46  through  53.  The  lift,  drag  and  pitching  moment 
coefficients  shown  in  Figure  46  vere  obtained  from  Figure  35  at  the  trim 
values  of  thrust  coefficient  discussed  in  Section  5»2,  Lift  coefficients 
are  shown  for  the  nose  fan  inoperative  and  for  the  nose  fan  on,  with  only 
the  interference  lift  increments  of  Figure  4l  included.  The  latter  values 
of  lift  coefficient  were  used  in  computing  the  wing-body  derivatives. 

The  angle-of-attack  derivatives  are  shown  in  Figures  47  through  49.  The 
lift  end  drag  characteristics  were  obtained  from  data  of  Reference  14  and 
include  the  influence  of  drooped  ailerons.  Tbo  pitching  moment  derivative 
was  obtained  from  comparisons  of  1/6-scale  model  and  full-scale  model  tests 
(Ames  173).  The  full-scale  data  were  corrected  for  an  apparent  discrepancy 
in  the  power-off  pitching  moment  curve  slope  prior  to  comparing  with  -che 
small-scale  data.  The  test  data,  which  had  been  obtained  at  c.g.  stacion 
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2l{6,  ware  then  corrected  to  c .3.  station  2*i0,  which  was  the  reference 
moment  center  chosen  for  the  development  of  the  stability  derivatives. 

Slopes  of  the  lift,  drag,  and  pitching  moment  coefficient  curves  with 
thrust  coefficient  at  the  trim  values  were  obtained  from  Figure  35  and 
are  shown  in  Figures  50  and  51. 

Wing  fan  thrust  required  at  each  trim  point  was  determined  by  the  method 
of  Section  5.2.3  and  is  shown  in  Figure  52.  The  fan  speed  parameters  for 
constant  power  are  shown  in  Figure  53  and  were  developed  from  fan  speed 
data  of  Ames  210  full-scale  tests  of  the  XV-5A. 

6.2.3  NOSE  FAN 

The  inputs  for  the  nose  fan  derivatives  are  included  in  Table  VII.  The 
nose  fan  thrust  and  the  thrust  modulator  door-control  derivatives  were 
calculated  from  the  relationships  given  in  Appendix  I. 

6.2.1}  CALCULATED  DIMENSIONAL  DERIVATIVES 

The  individual  contributions  to  the  stability  and  control  derivatives 
calculated  for  equilibrium  conditions  for  sea  level,  standard  day  and 
10,000  pounds  gross  weight  are  tabulated  in  Appendix  II,  Tables  XI  and 
XII.  The  sum  of  the  derivatives  representing  the  complete  airplane  is 
shown  in  Figures  5*+  through  58  as  a  function  of  trim  airspeed.  The 
transition  derivatives  at  low  speeds  were  faired  into  the  values  cal¬ 
culated  by  the  hovering  derivative  equations  at  zero  airspeed.  There 
were  no  large  discontinuities  in  the  derivatives  between  the  lowest 
transition  spiel  ctilculated  (17  knots)  and  the  hovering  condition,  wbicn 
tends  to  validate  both  sets  of  equations: 

The  derivatives  were  also  evaluated  for  a  3,000-foot  standard  day  atmo¬ 
sphere  at  the  same  gross  weight  and  are  included  in  Appendix  II.  Reduc¬ 
ing  air  density  has  only  a  small  effect  on  the  magnitude  of  the  deriva¬ 
tives,  except  for  those  with  respect  to  pitching  velocity. 

6 . 3  SUBSTANTIATION  OF  EQUATIONS 

6.3.1  LANGLEY  MODEL  DYNAMIC  TESTS 

Static  and  forced  oscillation  dynamic  tests  conducted  with  the  Langley 
0. 18-scale  model  of  the  XV-5A  provided  an  opportunity  to  compare  the 
results  of  those  teste  with  the  stability  derivatives  calculated  in  this 
report.  Although  the  work  of  the  model  tests  is  currently  reported  in  a 
limited-distribution  Langley  Working  Paper,  it  is  listed  as  a  reference  (l) 
because  of  its  importance  to  the  investigation  of  this  repor.. , 
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6.3.2 


COMPARISONS  OF  HCQEL 
MODEL  SCALE  FACTORS 


TVt*A  WITH  CALCULATED  DERIVATIVE 


A  comparison  of  the  trim  characteristics  of  the  model  and  these  calculated 
for  the  XV-5A  airplane,  as  developed  in  Section  5,  is  shovn  in  Figure  59  for 
a  full-scale  lift  of  10,000  pounds  at  zero  angle  of  attack.  The  model  seeded 
velocity  was  calculated  as  that  required  for  the  full-scale  wing  loading 
with  the  equilibrium  lift  coefficients  of  the  model  at  each  vector  angle. 

The  lift  coefficients  are  in  good  agreement  at  the  lower  vector  angles,  but 
the  model  values  are  higher  at  vector  angles  above  25  degrees  and  the  corre¬ 
sponding  model  airspeeds  are  lower.  The  nose  fen  doer  positions  for  moment 
trim  differ  because  of  differences  in  door  configuration  and  because  of  tbe 
lack  of  an  elevator  control  on  the  model. 

In  order  to  scale  the  model  dimensional  derivatives  for  comparison  with  the 
calculated  full-scale  values,  it  was  necessary  to  develop  special  scaling 
'.actors,  because  the  model  lift  and  velocity  did  not  scale  by  the  geometric 
model  scale  factor.  The  sealed  lift  and  velocity  ratios  are  shown  in  Fig¬ 
ure  60  in  comparison  with  the  appropriate  functions  of  the  model  geometric 
scale  factor,  and  the  model  scaling  factors  developed  for  each  derivative 
are  given  in.  Table  VII' . 

6.3.2.:  DERIVATIVES  WITH  RESPECT  TO  VELOCITY,  u 

The  derivatives  with  respect  to  Che  velocity  perturbation  along  the  X-axis 
are  compared  in  Figure  6l.  Symbols  are  used  f.ir  the  calculated  derivatives 
to  denote  the  velocity  points  at  which  they  were  calculated. 

The  model  derivatives  were  determined  from  Mb  elopes  of  cross  plots  of 
the  static  data  obtained  on  either  side  of  the  equilibrium  point  for  each 
vector  angle.  While  qualitative  agreement  was  expected,  the  degree  of 
quantitative  agreement  is  quite  encouraging,  considering  the  differences 
in  modeils  and  model  tests  which  provided  the  sources  for  the  two  sets  of 
data. 

The  pitching  moment  derivative,  which  is  a  measure  of  speed  stability,  is 
positive  at  hover  and  in  transition  below  about  50  knots.  Above  this 
speed,  the  derivative  becomes  negative,  indicating  negative  or  unstable 
speed  stability. 

6. .3. 2. 2  DERIVATIVES  WITH  RESPECT  TO  ANGLE  OF  ATTACK 


The  force  and  moment  derivatives  with  respect  to  angle  of  attack  are  com¬ 
pared  in  Figure  62 •  The  calculated  values  were  derived  from  che  deriva¬ 
tives  with  respect  to  w,  shown  in  Figure  55 .  While  the  vertical  force 
derivatives  are  in  good  agreement,  the  longitudinal  force  and  pitching 
moment  agreement  is  only  fair.  The  calculated  horizontal  force  derivative 
is  sensitive  to  the  magnitude  of  the  drag  curve  slope, which  is  difficult 
to  .measure  because  of  its  nonlinear  nature. 
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Based  o.a  the  calculated  derivatives,  the  aii plane  is  statically  stable  above 
70  knots,  whereas  the  model  data  remain?  unstable  to  higher  speeds,  with  a 
sudden  change  in  stability  above  70  knots.  The  pitching  moment  derivative 
is  discussed  in  more  detail  in  a  later  section. 

6  3.2.3  DERIVATIVES  WITH  RESPECT  TO  PITCH  RATE 

Force  derivatives  with  respect  to  pitch  rate  aie  shown  in  Figure  63.  In¬ 
spection  of  the  elements  of  the  vertical  force  aerivat.ve  showed  the  same 
magnitude  for  the  horizontal  tail  contributions,  but  r,ne  model  derivative 
with  the  tail  off  was  negative  in  sign  compared  with  a  positive  calculated 
increment  for  the  wing-body  nose  fan.  Therefore,  tl.e  model  total  deriva¬ 
tive  is  more  negative  than  the  calculated  total  derivative.  However,  qual¬ 
itative  agreement  is  indicated,  and  the  force  derivatives  with  pitch  rate 
are  not  considered  as  important  factors  in  dynamic  stability. 

The  pitch  damping  derivative  comparison  is  shown  in  Figure  6H.  Good  agree¬ 
ment  is  evident,  especially  at  the  lower  flight  speeds;  however,  the  cal¬ 
culated  derivatives  do  not  include  derivatives  with  respect  to  a.  The 
effect  of  a  on  the  tail  contribution  is  discussed  in  the  following  section. 

6.3.2. 'j  FACTORS  AFFECTING  CORRELATION  OF  DERIVATIVES 

Tests  of  the  0. 18-scale  model  withjthe  horizontal  tail  on  and  off  afforded 
the  opportunity  to  assess  the  relative  magnitudes  of  the  tail  and  wing-body 
contributions  to  the  stability  derivatives. 

Figure  65  shows  a  comparison  of  the  hovering  pitch  damping  derivative  as  a 
function  of  full-scale  pitch  rate.  The  calculated  tail  increment  was  taken 
as  the  local  slope  of  the  derivative,  which  for  the  model  would  correspond 
to  zero  pitch  angle  where  the  pitch  rate  is  maximum.  The  total  derivative 
is  seen  to  increase  with  pitching  velocity,  and  the  calculated  and  test 
values  are  in  closer  agreement  at  the  higher  angular  velocities. 

A  comparison  of  the  vertical,  force  damping  derivative  in  hovering  flight 
is  shewn  in  Figure  66,  where  the  linearized  calculated  values  are  shown 
for  two  values  of  the  perturbation  velocity ,  w.  The  calculated  vertical 
force  is  slightly  higher  than  the  test  data  at  a  velocity  of  25  ft/sec,  but 
the  local  slopes  at  a  given  velocity  are  in  good  agreement. 

A  comparison  of  the  contributions  to  the  pitching  moment  derivative  vitn 
angle  of  attack  is  shown  in  Figure  67.  The  scaler  in  the  model  data  for 
the  wing-body  nose  fan  is  equivalent  to  the  calculated  nose  fan  increment. 
The  nose  fan  increment  in  coefficient  form  is  compared  in  Figure  68  with 
full-scale  wind  tunnel  data  which  substantiates  the  calculated  value. 

The 0.l8-scale  model  tail  increment  shown  in  Figure  67  was  increased  by  15 
percent  to  account  for  differences  in  tail  area  and  aspect  ratio.  The  tail 
contribution  is  still  lower  than  the.  calculated  values  after  the  correction, 
but  the  agreement  in  the  total  derivative  is  improved  compared  with  that 
of  Figure  62.  The  tail  contributions  were  further  investigated  by  placing 
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the  increments  in  conventional  coefficient  notation,  as  shown  in  Figure  69. 
The  0.l8-scale  model  data,  corrected  for  tail  geometry,  are  shown  for  "both 
fan  power  on  and  off  in  comparison  with  the  calculated  derivatives  of  this 
report ,  and  with  1/6-scale  model  data  on  which  t*5  c  Iculafced  values  are 
based.  The  0.l8-scale  model  with  power  off  shows  the  same  level  of  stability 
as  the  1/6-scale  model  with  power  on.  The  effect  of  power  on  the  G.l8~scale 
model  reduces  the  tail  derivative  by  about  18  percent  and  is  apparently  due 
to  a  higher  rate  of  change  of  downwash  with  angle  of  attack  or  lower  dynamic 
pressure  at  the  tail,  or  both.  The  majority  of  the  1/6-scale  downwash  data 
were  obtained  with  the  nose  fan  inoperative,  and  detailed  testing  wiih  and 
without  the  nose  fan  would  be  required  to  determine  the  effect  of  nose  fan 
operation  on  the  flow  characteristics  at  the  tail. 

The  model  pitch  damping  derivative  shewn  in  Figure  64  includes  the  deriva¬ 
tive  with  respect  to  rate  of  change  c t  angle  of  attack.  Although  d  terms 
were  not  included  in  the  calculated  derivatives ,  the  effect  of  this  deriva¬ 
tive  on  the  correlation  with  model  test  data  was  evaluated. 

3M  3M 

The  total  horizontal  tail  theoretical  damping  derivative,  g^  +  gV-,  is  equal 

to  the  pitch  dashing  derivative  increased  by  the  quantity  1  +  de/da.  The 
comparison  of  the  tail  static  stability  level  in  Figure  69  shows  the  0.18- 
scale  model  tail  to  he  about  18  percent  lover  than  the  calculated  value, 
after  correcting  the  model  for  differences  in  tail  area  and  lift  curve 
slope.  Based  on  the  static  stability  comparison,  the  value  of  the  quantity 
^(l-de/du)  for  the  model  was  determined  and  a  correction  factor  in  terms 

of  nt(l  +  de/da)  was  developed  for  the  model  data.  This  correction  is 

shown  in  Figure  70  along  with  the  calculated  tail  derivative  which  includes 
the  theoretical  a  contribution.  The  correction  factor,  jf  determined  at 
the  same  value  of  de/da  as  for  the  calculated  derivative,  is  the  ratio  cf 
dynamic  pressure  ratios.  It  is  conceivable  that  the  model  de/da  could  be 
higher  than  that  assumed,  but  any  reduction  in  the  downwasn  derivative  made 
for  comparison  purposes  will  decrease  the  magnitude  of  the  correction  re¬ 
quired  for  agreement  of  the  tail  derivative. 

Therefore,  it  appears  that  the  0.l8-scale  model  has  a  lower  value  of  dynamic 
pressure  ratio  at  the  horizontal  tail  than  that  used  in  the  calculated  deriv¬ 
atives.  This  reduction  in  q  at  the  tail  is  probably  due  to  the  nose  fan  and 
results  in  smaller  tail  contributions  to  the  static  and  dynamic  stability 
derivatives . 


TABLE  V.  INPUT'S  FOR  CALCULATION  OF  TAIL  DERIVATIVES 


fc= - — : t— - - - — — — } 

U  or  VT 
(ft/ sec ) 

e 

(deg) 

VARIABLES 

8e 

s 

CL 

Lt 

% 

28 
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0.041 

67 

10. 1 

0.4C9 
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0.044 

97 
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126 
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0.C49 
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\  = 
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3ct  /da. 
Lt  1 

=  ^  04  i-r 
rad 

°V  “ 

0° 

=  1.42  — 
rad 
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0.002377  slug/cu  ft 

st 

=  52.86  sq  ft 

Ki  = 
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z 
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TABLE  VI. 

INPUTS  FOR  CALCULATION  OF  WING-BODY  DERIVATIVES 

VARIABLES 

3CT,S 

3CdS 

U  or  V. 

Tj 

(ft/sec) 

V 

C  S  p  8  p  s 

CL  CD  Cm 

3a 

(~i— ) 

'rad' 

3a 

<sr> 

28 

0.996 
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67 
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0.52 
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97 
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1.75 

0.46o 
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a 

30£ 

(JL) 
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V 

< 

Po 
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28 
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67 
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97 
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CONSTANTS 

a 

V 
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p 
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Z  a 

1.00  ft 

V 
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TABLE  711.  INPUTS  FOR  CALCULATION  OF  HOSE  FAK  DERIVAITVES 


VARIABLES 

u  or  VT 
(ft/sec) 

fp  s 

~c 

*000 

(»: 
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Figure  52.  Wing  Fan  Reference  Thrust  Required  at  Trim. 


NOTES: 

1.  a  =  o° 

2.  L  =  10, 000  lb 

S.  Sea  Level  Standard  Day 
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Figure  59.  Comparison  of  Trim  Characteristics 


Figure  61.  Comparison  of  Derivatives  With  Respect  to  Velocity  Along 
the  X-Axis. 
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.  18-SCALE  MODEL: 

o  Power  On  Corrected  to  Full-Scale  Config. 

_ Power  Off  Corrected  to  Full-Scale  Config 

1 /6-SCALE  MODEL: 

^  Test  Data  Power  On  (Wing Fans  Only) 
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Figure  69.  Comparison  of  Horizontal  Tail  Contribution  to  Static  Stability 


7.0  SUMMARY  OF  RESULTS 


1.  Final  ccrrelation  of  l/6-scale  and  Ames  full-scale  wing-body  data 
was  poor.  The  disagreement  between  the  two  sets  of  data  generally 
increased  with  decreasing  t\ rust  coefficient  (increasing  flight 
speed) . 

2.  Correction  factors  were  derived  to  account  for  configuration  and 
propulsion  system  differences  where  those  differences  could  be 
identified  and  adequate  information  was  available  to  develop  the 
correction. 

3.  Correlation  of  the  incremental  effect  of  exit  louver  vector  angle 
was  good  at  thrust  coefficients  of  0.96  and  0.978  (approximately 

55  and  4l  knots,  respectively).  Correlation  of  the  incremental  drag 
coefficient  was  poor  at  lower  thrust  coefficients,  while  incremental 
lift  and  moment  coefficients  were  in  fairly  close  agreement  for  the 
1/6-scale  and  Ames  full-scale  models. 

4.  Correlation  of  the  1/6-scale  and  toes  full-scale  model  incremental 
effect  of  exit  louver  stagger  angle  was  good  at  a  thrust  coefficient 
of  O.96  (approximately  55  knots).  Correlation  at  other  thnist  coef¬ 
ficients  could  not  be  made  because  of  insufficient  data. 

5.  Correlation  of  the  wing-body  static  longitudinal  stability  deriva¬ 
tive,  3Cms/3a,  for  the  1/6-scale  and  toes  full-scale  model  was  poor 
at  thrust  coefficients  below  0.96  (approximately  55  knots). 

6.  Correlation  of  horizontal  tail  downwash  was  inconclusive  because 
of  insufficient  test  data.  The  downwash  angles  for  the  l/6-scale 
and  toes  full-scale  model  were  of  the  same  order  of  magnitude  at 
zero  exit  louver  deflection. 

7.  Correlation  of  static  pitch  fan  thrust  reverser  doer  effective¬ 
ness  was  not  possible  because  of  uncorrectable  differences  in 
door  geometry  between  the  1/6-scale  and  toes  full-scale  models 
and  the  XV- 5A  aircraft.  In  addition,  the  absolute  door  position 
on  the  Ames  model  could  not  be  established. 

8.  The  correction  factors  developed  for  data  correlation  generally 
accounted  for  less  than  half  of  the  differences  between  the  toes 
full-scale  and  l/6-scale  model  wing-body  test  data. 

9.  Many  differences  in  geometry  and  apparent  differences  in  wing  fan 
characteristics  existed  between  the  l/6-scale  and  full-scale  models, 
which  could  not  be  corrected  for  because  of  complexity  and  insuf¬ 
ficient  experimental  data. 

10.  Comparable  configuration  and  test  conditions  for  the  1/6-scale  and 
toes  models, which  would  permit  a  direct  comparison  of  data  points, 
were  a  rare  occurrence.  There  was  only  one  instance  in  which  direct 
comparison  of  angle -of-attack  polars  could  be  made. 
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11.  The  effect  of  vector  angle  was  available  at  only  one  thrust  coeffi¬ 
cient  for  the  1/6-scale  model  wing-body  and  at  only  three  thrust 
coefficients  for  the  full-scale  model  for  both  wing-body  and  complete 
model.  These  were  not  sufficient  to  establish  possible  data  scatter. 

12.  Correlation  of  wing  fan  power  required  could  not  be  made  for  the 
1/6-scale  and  full-scale  fans  because  of  different  methods  of 
power  transmission  from  the  source  to  the  fan  rotor.  There  was 
not  enough  information  to  account  for  the  system  differences. 

13.  A  very  large  apparent  discrepancy  in  l/6-scale  and  full-scale  wing  fan 
power  absorption  led  to  the  suspicion  that  the  variation  of  actual  fan 
thrust  in  crossflow  may  be  significantly  different  for  the  two  fans. 
Lack  of  measured  momentum  fan  thrust  data  prevented  substantiation. 
Actual  fan  momentum  thrust  or  actual  momentum  jet  velocity  ratio  must 
be  known  if  it  is  hoped  to  establish  nearly  kinematically  similar  flow 
conditions  between  small-scale  and  full-scale  fans.  Static  fan  thrust 
or  fan  sp^ed  does  not  appear  to  be  adequate  unless  it  is  known  that  -the 
fans  under  consideration  are,  in  fact,  dynamically  similar. 

14.  This  correlation  study  did  not  yield  conclusive  results  concerning 
scale  effects,  except  that  turbulence  simulation  would  be  desirable 
on  small-scale  models.  The  l/6-scale  model  did  not  have  turbulence 
simulation. 

15.  Application  of  wind  tunnel  wall  corrections  to  the  Ames  full-scale 
model  data  did  not  yield  clearly  defined  results.  The  wall  correc¬ 
tions,  using  Hyeson's  linearized  theory,  had  little  effect  on  drag 
or  moment  correlation.  The  effect  on  lift  correlation  depended  upon 
the  particular  data  to  which  the  corrections  were  applied. 

16.  Simple  expressions  were  derived  in  terms  of  the  force  and  moment 
coefficients  and  the  static  stability  derivatives  to  represent 
the  small  perturbation  longitudinal  static  and  dynamic  stability 
derivatives  for  the  XV-5A  in  transition  flight. 

17.  Expressions  were  developed  in  terms  of  lift- fan  mass  flow  from 
simple  momentum  theory  to  represent  small  perturbation  longi¬ 
tudinal  stability  derivatives  for  hovering  flight. 

18.  Numerical  values  ox  the  hovering  dimensional  stability  derivatives 
compare  favorably  with  those  in  transition  flight  at  the  lowest 
airppeed  evaluated. 

19*  Fair  quantitative  agreement  was  obtained  between  all  of  the  calculated 
derivatives  and  test  data  obtained  from  dynamic  tests  of  the  Langley 
0'.l8  scale-mode.1  of  the  XV-5A. 
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20.  The  0.l8-scale  model  data  indicate  a  lower  dynamic  pressure 
ratio  at  the  horizontal  tail  than  the  value  used  for  the  cal¬ 
culated  derivatives,  and  result  in  smaller  tail  contributions 
to  the  stability  derivatives  for  the  model. 

21.  The  reduction  in  dynamic  pressure  at  the  horizontal  tail  is 
probably  due  to  the  nose  fan,  and  additional  wind  tunnel  test¬ 
ing  will  be  required  with  specific  tests  to  determine  the 
effect  of  nose  fan  operation  on  the  flow  characteristics  at 
the  tail. 
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8.0  CONCLUSIONS 


Based  on  the  results  of  this  report,  the  following  general  conclusions 
are  made  regarding  the  correlation  of  wind  tunnel  test  data  of  V/STOL 
aircraft  models: 

1.  Correlation  of  wind  tunnel  data  representing  a  range  of 
wind  tunnel  to  model  size  relationships  can  be  performed 
meaningfully  only  if  the  data  have  been  obtained  in  a 
consistent  manner  and  for  this  particular  purpose.  The 
model  configuration  must  be  exactly  the  same  for  each 
series  of  tests.  If  this  is  not  the  case,  much  more 
data  are  needed  in  order  to  allow  proper  configuration 
corrections . 

2.  It  is  felt  that  knowledge  of  tunnel  wall  corrections  re¬ 
quired  for  testing  of  V/STOL  configurations  could  best 

be  obtained  by  using  relatively  simple  models  rather  than 
models  representing  a  flight  article.  For  instance,  a 
lift-fan  aircraft  could  be  represented  by  a  wing- fuselage- 
tail  model  having  two  wing  fans  with  one  fixed  louver 
setting.  When  the  testing  of  such  a  model  in  various 
sized  and  shaped  test  sections  has  led  to  a  sufficient 
understanding  of  the  necessary  wind  tunnel  corrections, 
then  an  attempt  to  apply  these  corrections  to  wind 
tunnel  data  for  a  configuration  for  which  there  is  com¬ 
parable  flight  test  data  may  be  undertaken.  Quite  pos¬ 
sibly,  the  wind  tunnel  corrections  will  require  some 
further  modification  when  the  attempt  is  made  to  cor¬ 
relate  the  wind  tunnel  data  to  the  flight  test  data,  but 
in  the  initial  efforts  there  should  not  be  confusion 
between  wall  effects  and  configuration  effects. 

3.  Test  section  shape-  as  well  as  size,  must  be  considered 
in  establishing  suitable  tunnel  wall  corrections  and 
test  limitations. 


I 

9.0  RECOMMENDATIONS 

1.  It  is  recommended  that  the  effects  of  the  tunnel  to  model  size 
relationship  on  testing  of  VTOL-type  aircraft  he  investigated 
with  a  model  and  a  test  program  specifically  established  for 
that  purpose.  A  separate  program  should  be  pursued  for  each 
basic  type  of  vertical  lift  system;  i.e.,  fan-in-wing,  wing 
and  propeller,  and  lift  Jet. 

2.  Wind  tunnel  cross  section  shape  and  proportions,  as  well  as 
size,  are  variables  which  should  be  investigated. 

3.  The  model  designed  for  a  data  correlation  study  should  be  as 
simple  as  is  consistent  with  the  configuration  being  tested. 

4.  Jome  form  of  flow  visualization  should  be  employed  to  understand 
better  the  mechanisms  of  tunnel  interferences  and  to  determine 
the  testing  limitations  they  impose. 

5.  Since  an  aircraft  configuration  always  undergoes  considerable 
evolution  during  the  design  process,  it  follows  that  a  wind 
tunnel  model  tested  early  in  a  design  program  invariably  does 
not  represent  the  configuration  of  the  flight  article.  If 
adequate  understanding  of  the  configuration  effects  exists,, 
the  early  data  may  be  modified  so  as  to  be  useful  throughout 
the  program.  Unfortunately,  this  knowledge  does  not  exist 
for  fan-in-wing- type  aircraft.  It  is  needed  not  only  to  pre¬ 
dict  the  effects  of  design  changes  but  also  for  preliminary 
design  purposes  so  that  existing  data  can  be  used  to  predict 
the  characteristics  of  new  designs.  It  is  therefore  recom¬ 
mended  that  a  test  program  he  initiated  to  evaluate  configur¬ 
ation  effects  for  the  fan-in-wing-type  aircraft.  Typical  of 
the  parameters  that  should  he  investigated  are: 

Fan  Area  to  Wing  Area  Ratio 

Fan  Diameter  to  Wing  Chord  Ratio 

Fan  Huh  to  Fan  Diameter  Ratio 

Total  Mass  Flow  to  Turbine  Mass  Flow  Ratio 
(Tip-Turbine  Fans) 

Wing  Flap  Geometry 
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APPENDIX  I 

DERIVATION  OF  DIMENSIONAL  LONGITUDINAL  STABILITY  DERIVATIVES 


CONTRIBUTIONS  OF  THE  HORIZONTAL  TAIL 

The  horizontal  tail  is  considered  as  an  isolated  surface  affected 
by  the  free  stream  at  the  tail,  and  the  derivatives  are  of  the  same  form 
as  the  conventional  aerodynamic  expressions  of  Ref.l6.  However,  due  to 
the  choice  of  axes  system  and  to  the  high  downwash  angles,  the  tail  lift 
and  drag  force  must  be  resolved  through  the  angle  (f* w"6). 


VARIATION  OF  THE  TAIL  NORMAL  FORCE  WITH  VELOCITY  ALONG  THE  X-AXIS, 


d\ 

d  u 


The  tail  normal  force  is  expressed  by 
Ht  =  °N  P4VT2"tSt 


(27 ) 


e 


c 


Differentiating  with  respect  to  velocity,  u, 

an  av2  £ec 

*  Vt  \  p/2  -5T  +  ”tst  P/2  \  —i 

X  o 


(28) 


The  total  velocity  along  the  flight  path  may  be  written  as 

Vm  =VU  2  +  2U  u  +  u2  +  W2  (29) 

T  r  o  o  v 


VT2  =  U02  +  2  Uou  +  u2  +  W2 
Taking  the  partial  derivative  with  respect  to  u, 
2 


*V, 


—  =  2U  +  2u  =  2  (U  +  u)  =  2U 
d  u  0  o 


(30) 
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From  geometry  of  angles. 


V  “  CL.  C0S  (V£>  +  °D,  Sin  (ow'e) 

t  t  t 


(31) 


Differentiating  with  respect  to  u. 


ac, 


N.  a  cos  (a  -e) 

_ t  _  Q  _ V 

Lt  au 


+  cos(a  -  e)  - -  + 

w  ;£\1  D, 


asin(os,  -6) 


w 


3Ct 


+  sin(a  -e) 


Vs"  3u 

The  terms  of  this  equation  may  be  developed  as  follows: 


(32) 


acos(«-e) 

(1)  - - - =  -Sin  (a  -t)  - - —  =  -sin  (a  -e) 

acT  ac_ 

(2)  t  Lt  9ot 

V  3<rt  3u 

where  =  <*w  +  ±t  -€ 


^aw  -ae 
au  au 


3a 


and 


Bat  _  9  Q~w  ag  _  BQ'w  do  w  _  w 


3u 


3u  gu  3  u  9u  3u 


ae  ac 

Lt  _  9fw  L  _8£ 
3  u  3^  3  u  I  3  O' 


1  - 


3e 

3a 
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asin(a  -€)  d{a  ~e) 

(3)  - =  cos  (a„-6)  W 


3u 

ac  ac 


(4) 


'D 


D, 


w 

ac 


3  u 


t  3fft 
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't 


3  u  "  3  3  u  9o-t  3u 


1  -  a* 

3o 


Common  to  all  terms  is  the  partial  of  ®  with  respect  to  velocity  u, 

w 

which  can  be  written  as 


3a  -sina 
_ w  _ w 

3u  =  Vn, 
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Substituting  and  collecting  terms, 


aCw  sinn  _  dCL  si na 

TS  =  cr  siD  K*€)  —vT  (1  “  "cos  (v£)  aS“  (1  "  5&  — 


CD  cos  (ay-  0  (1  -  fa 


sin  a 

sin  n 


w 


SCD,  sin  o 

(«„-«)  T7T  0-  -  ~1T  (33) 


XT  -sin  w„--,  a„t 


Eliminating  the  product  of  sine  terms. 


0CN,  aCL 


t  =  _  __t  (1  cos  (  _€) 

u  3  o'  o0''  v  w 


sinj> 

Vi 

V„ 


sin 


-CDt  (1-  ||)  cos  (V.)  -5*  (3V) 


Substituting  Equations  (30),  (31),  and  (34)  into  Equation  (28), 


9N 

Tu  nt  st pu 


c  cos  (%-‘)  +  C  sin  («•„-«) 
t  t 


+  nt  St  P/  2  VT 


r  ac 

- -  -c 

3a+ 


a  sinn 

(1  -  |j)eos(flfw-c)  — y— 


9N, 

Tu  =  n  t  St  P  U 


Cr  cos  (a  -« )  +  C_  sin  (o  - t) 
Lt  «  Dt  » 

J 


+'1  t  St  P/2  V1  '  sinow  cos(,Vf) 


3  Cr 


-CT 


9at  Dt 


(35) 


This  equation  can  be  further  simplified  but  is  left  in  this  form 
for  convenience.  If  the  angle  of  attack  is  zero  or  the  small  angle 


assumption  is  made  so  that  sina  =  C,  the  second  term  disappears. 

w 
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VARIATION  OF  TEE  TAIL  LONGITUDINAL  FORCE  NTTH  VELOCITY 
ALONG  THE  X-AXIS, 


The  tail  longitudinal  force  is  expressed  by 


Xt  “  <V  P/2  V  r't  S1 


I  t  t 


and  the  partial  with  respect  to  u  is 


3Xt  dVT  r  .  „  2  t 

T3  -  V  %  st  <Va  —  +  "t  st  ?/2vT  — 


Also, 


C  =  CT  sin  <a  -«)  -Cn  cos 


xt  Lt 


Performing  operations  similar  to  those  done  for  the  tail  normal 
force,  the  following  expression  is  obtained  for  the  partial  of 
longitudinal  force  coefficient  with  velocity. 


x,  /  -  since 

- CT  (l  -  —)  cos  ( a  -«)  — rr— "  - cos  (a  -e)  * 

3  u  L.t  30  '  w  \  VT  /  w 


o ,  k  do' 


-sino 


The  variation  of  tail  drag  coefficient  with  tail  angle  of  attack 
may  be  eliminated  as  follows : 


!%!% 

3CLt  30 1 

From  C_  =  C  +  K  C. 
Dt  dot  1  Lt 


3C  *  ^i°Lt 
Lt 


9\  9% 

- i  =  2K..C 

9«t  1  Lt  9at 


Substituting  in  Equation  (39)  and.  rearranging. 


ac 


x.  sin o 

- =  cos  (o'  -(.)  — ~r- -  (l-  ■§£) 

3  u  '  w  '  V^  '  da' 


a°  n 

-cT  +  2K.Ct  - 
L.  i  La  acr^ 

o  u  t* 


- cos  <v‘> 


sinn 

f |1*  % 


ac. 


2K 


i  Sn 


(Uo) 


Substituting  Equations  (30),  (38),  and  (40)  into  Equation  (37), 


3X, 


CT  sin  (n  - «)  -C_  cos  (n  -e) 
L .  v  w  7  D.  v  w  ' 


■^=ntstPu 

L  - 

+  %  Stp/2VT  COS  (V€)  Sin°w  (1"§)  CL 


acT 


On) 


Again,  the  second  term  may  be  neglected  if  the  small  angle  assumption 


is  made  for  sino-  . 

w 


VARIATION  OF  THE  TAIL  PITCHING  MOMENT  WITH  VELOCITY 
3M 

ALONG  THE  X-AXIS,  - — 

-  0  U 

The  tail  pitching  moment  derivative  with  respect  to  u  is  readily 
obtained  from  the  moment  equation  about  the  aircraft  c.g. 


Mt  -  -Vt +  xtzt 


(1*2) 


8M,  a  n,  ax+ 

_£-  =  -£  — £  +  z,  — £ 

au  t  au  t  au 


(43) 
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VARIATION  OF  THE  TAIL  NORMAL  FORCE  WITH  VELOCITY  ALONG 


THE  Z-AXIS, 


j^fc 
a  v 


Using  Equations  (27)  and  (31) t  the  tail  normal  force  may  be  written  as 


Ht  =  P/ 2  TI2  \  St  [ 


CL  C0S  +  CD  Sin  *V«> 

"t  1/ 


(VO 


Taking  the  partial  derivative  with  respect  'to  velocity  w  and  assuming 
that  w  is  small  with  respect  to  U, 


SN 


t 
3  v 


p/2  vT  n,  s 


t  t 


'aCT. 


cos  (a  -i)  +  C_ 

3  v  '  w  ’  LA 


3  cos  (a  -c) 


w 


3C 


D, 


— -=•  sin  (a  -t)  +  n 
3  w  v  w  '  D, 


3w 


3sin(aw-£) 

~3w 


The  partial  derivatives  in  this  expression  may  be  evaluated 
as  follows: 


(1) 


3Cr  3C. 

Lt  _  ^t  °°v 
3 v  “  3%  3* 
w 


For  small  angles,  sin  a  =  a  =  — 

w  w  U 

da 


_ w  _  1 

3W  "  U 


3CL  3Ct  3C. 


i.Jii  Jiu-fji 

3  w  3  U  "  8«  t  ^  U 


w 


(2) 


3  cos (<rw-«)  8cos(aw-  c)  9 nw  3(«w“«)  L 

3w  "  3ny  3w  _  ■sin(Q5w_<)  “j^T  U 


=  -sin 


w 


<v> (1  - 

U 
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(U5) 


i 


(3) 


9\  3CDt  da  aCDt.  a\  ^  . 

_ £_  _ _ 1 _ £  = _ I  £  = _ 1  i 

■3*  3Q'w  3 w  a<»vU  aort  da'  U 


w 


3  sin(aw- «)  a  sin(a «)  a  Qy 


d€s  1 


3  w 


— -  =  cos(a  -*)  (1-^S)  ± 
3»v  3  w  v  w  '  v  do7  U 


Replacing  the  tail  drag  variation  with  tail  angle  of  attack  by 

ac_ 


t 

2K.C  - - and  substituting  terms  (l)  through  (!»•)  into 

i  Lt  da  ,c 

Equation  (45), 

=  P/o  Vm2rl4.s4.('r-^  w  cos(ar  -6)  -CT  sin(a  -e)  (1-§J)  - 

r/2  T  t  t  1  3a.  U  v  w  '  L.  w  v  da7  U 


3N 


3C_ 


+  2KiCL  -3«7(1-  Sln  (<V£>  +  V0S  (V0  (1"^' 

T>  %  O 


(1*6) 


If  the  assumption  is  made  that  =  U,  this  equation  reduces  to 

r 


3N. 


— -  -  p/  v  n  s  (1-— W 

aw  '2  T  't  tl  da'  i 


3“t +  CDtJ 


cos(a  -c) 
'  w 


+  CL  sin  (a  -t) 
L .  v  v  ' 


■  \  J 

^  -1 


(U7) 
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VARIATION  OF  THE  TAIL  LONGITUDINAL  FORCE  WITH  VELOCITY  ALONG 


THE  Zr-AXIS, 


aw 


The  tall  longitudinal  force  may  be  expressed  by 

-  72  VT2Vt  K  -°Dt  C0S<Ve>] 

Taking  the  partial  derivative  with  respect  to  velocity  w. 


(U8) 


2  r 

■  P/2  v*  "A  [\ 


aw 


3  sin(or  -c)  9CL. 

- y —  +  sin(&  -«) 

0V  3w  v  w  ' 


acos (q.  -c) 
n  _ _ _ 

Dt  9W 


aw 


cos(aw~e) 


(k9) 


This  expression  is  seen  to  contain  the  same  partial  derivatives 
as  the  equation  for  tail  normal  force  variation  with  v.  Making 
the  same  substitutions  results  in 


ax 


3  CT 


%VT  Vt 


CL  (1_  da^  cos(«w-e)  u+  3&j  ia)  u  sin(°VE) 

t 


9Cl. 

+  CD.  d-H)  ^(V<)  i  -2K.A  ^  (1-  -g)  |  ooe(V<) 

t  t  t 


(50) 


Collecting  terms  and  rearranging,  this  reduces  to 


ax 


aw  =p/2  VTntSt(l"  do^W. 


’tL 


dCr 


1  -2K 


i  do 


t  J 


000(0  “ c ) 
'  w  ' 


acT 

— —  +cn  ■ 
Dt 


sin(v4 


(51) 
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VARIATION  OF  THE  TAIL  PITCHING  MOMENT  WITH  VELOCITY 


ALONG  THE  Z-AXIS, 


aj^ 

aw 


The  tail  pitching  moment  with  respect  to  w  is  obtained  from  the 
moment  equation  about  the  c.g. 

Mt  =  -Vt +  xt  2t 


aM  aN,  ax, 

— 1  =  — L_  +  z  1 

aw  t  aw  t  aw 


(52) 


aN 

VARIATION  OF  THE  TAIL  NORMAL  FORCE  WITH  PITCHING  VELOCITY,  — - 

-  a<j 

Rewriting  the  tail  normal  force  as  in  Equation  (  1»1»  ), 


Nt  =  P/2  VT  ^tSt 


"L,  cos(a  -€)  +  C_  sin(a  -e) 
t  w  D,  w 

O 


The  derivative  with  respect  to  pitch  rate  q  is 


aN 


aq 


'*  t 


‘ac 


a; 


-  cos(«  -€)  +  - -  sin(cx  -6) 

aq  w  dq  w 


The  partial  of  CT  with  respect  to  q  may  be  written  as 
Lt 

a  C.  9  CT 

Lt  V^t 

dq  dat  g q 

and  the  tail  angle  of  attack  as 


=  0 


in  radians 


and 


t  _  «t 

aq  "  y 


(53) 
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Therefore, 


and 


acT 


a* 


acT 


a  q 


% 

acT 
\  it 

8tft  u 

h 

8“t  u " 

li 

u 


Substituting  in  Equation  (  53  )} 


3Nt  2 

aq  "  ^/2  VT  ^tst 


■d\  *t 

—  r  cos(V£) 


9  c, 


+  s^rr 


t  u  ~t 


(5«0 


or 


a  n. 


acT 


ii  ■  P/2  VT  Wt  S37  cos(a„-{)  +  atA  Bin(Ou-£) 


(55) 


3M 

VARIATION  OF  THE  TAIL  PITCHING  MOMENT  WITH  PITCHING  VELOCITY,  — ^ 

- - - a  q 

Rewriting  the  equation  for  tail  pitching  moment  about  the  c.g.j 


M.  =  -2,  N,  +  X  z 
t  t  t  t  t 


3Mt  3Nt  9Xt  (56) 

"aq  “  "2t  "aq  +  Zt  “ aq 

The  variation  of  tail  longitudinal  force  with  pitcn  rate  is  small  and 
generally  not  considered  in  dynamic  stability  analyses.  Therefore, 
this  term  has  been  neglected,  and  the  tail  pitch  damping  is  considered 
due  to  the  normal  force  only. 
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COI(TRXBUTIOI?S  0?  TEE  WING-BODY 


The  wing-body  combination  includes  the  fuselage,  wing,  wing  fans,  and 
interrelated  effects  as  would  be  represented  by  wind  tunnel  data  with 
the  horizontal  tail  off  and  nose  fan  inoperative.  In  order  to  simplify 
the  derivations,  the  as  sorption  will  be  made  initially  that  fan  speed 
is  constant,  and  then  the  effect  of  constant  power  on  the  derivatives 
will  be  evaluated. 


VARIATION  OF  WING-BODY  NORMAL  FORCE  WITH  VELOCITY  ALONG  THE 


X-AXIS,  P 
- ’  3u 

The  normal  force  in  terms  of  slipstream-based  quantities  is 


N  =  0/*% 

and  the  derivative  with  respect  to  velocity  u  is 

as .  o =  .  *  A,  ^ 

3u  N  3u  r  H  F  3U 


(57) 


(58) 


By  definition,  slipstream  dynamic  pressure  and  thrust  coefficient  are 

2  (59) 


qS  =  ^  +  %  V, 

F 


T  = 
c 


2  T 
xooo/A? 


000 


/*F  +  p/a 


(6o) 


W?th  the  assumption  of  constant  fan  speed  and, thus,  constant  reference 
disk  loading. 


3T 


"|Tooo/AfJpU 


au  r 


(62) 


Wp  +  P/2  VT2] 

Returning  to  Equation  (58)  and  writing  tbe  normal  force  coefficient  as 


"IT 


9CN  „  s  acosa  aCL 

- -  C  a - +  coso'  — ~ 

9u  L  au  3U 


,  s  . 

D  Sin° 

(63) 

3C  8 

8  MH  +  sino  D 

(64) 

3u  3  u 

The  partial  derivatives  in  tbe  expression  sre  expanded  as  follows: 

2 

Scostt  sin  g 
3U  "  Vm 


3sina  da 

=  cosa  -3—  =  cosa 
3u  du 


8C  S  3C  s 3T  s 
L  _  L  _ c_ 

3u  s  3u 


-sina1 


T  I 


9: 


si 

9u  9T  s  3u 


Since  the  drag  coefficient  is  near  zero  for  equilibrium  flight,  the 
s  2 

product  of  Cp  ,  sina,  and  sln“a  terms  is  neglected.  Substitution 
of  the  above  quantities  in  Equation  (64)  yields 


8C. 


s 


N 

9u 


9  CL 


3C 


I  ,  D 
coso  * - +  sina - - 

3T  "  0T  J 


3T 


s 


c 

au 


(65) 


_52 


; 


! 


Substituting  Equations  (6l)}  (62),  (^3) >  and  (65)  into  Equation 

(58), 


From  the  definition  of  thrust  coefficient, 


Making  this  substitution  and  collecting  terms, 


—  =  flUiL(  CTS - (T  S)  cos*-— (T  E)  sinu 

au  ^  F  \  L  s  C  '  s  '  c  ' 


(67) 


The  variation  >  f  normal  force  with  velocity  u,  then,  is  dependent  upon 
both  the  magnitude  of  the  lift  coefficient  end  the  slope  of  lift  co¬ 
efficient  versus  thrust  coefficient.  Since  this  slope  is  normally 
negative  in  sigdj both  terms  are  additive. 
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VARIATION  OF  WING- BODY  LONGITUDINAL  FORCE  WITH  VELOCITY 
ALONG  THE  X-AXIS,  ^ 

- ’  0U 

The  detailed  steps  for  the  derivation  of  longitudinal  force  deriva¬ 
tive  with  velocity  u  are  not  shown  for  the  sake  of  brevity.  The 
terms  involved  are  the  same  as  fox  the  normal  force,  differing  only 

g 

by  the  definition  of  C  .  Using  the  same  procedure,  the  following 

X 

expression  is  derived  for  the  longitudinal  force  derivative: 


Since  the  drag  coefficient  is  smell,  the  predominant  term  in  this 
equation  is  the  slope  of  drag  coefficient  versus  thrust  coefficient 
which  is  indicative  of  the  change  in  momentum  drag  with  forward 


velocity 


itive ,  denoting  the  pitch-up  tendency  with  forward  velocity.  At 

s  s 

the  higher  transition  speeds.QC^  /0Tc  is  slightly  positive  and  the 
speed  stability  tends  to  be  neutral  or  unstable. 
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VARIATION  OF  WING-BODY  Nf'.^lAL  FORCE  WITH  VELOCITY  ALONG  THE 


Z-AXIG, 


8N 

a* 


From  the  definition  of  normal  force  in  slipstream  notation,  the 
following  partials  may  be  written  with  respect  to  velocity  w: 

s  au.Ts 
an  _  r  *  A  +  aSA  I 
aw  '  i  t  aw  M  7  aw 


80s  3  P/aV 

2fj-  -sr  -  =pW 


(71) 

(72) 


np  ®  op  ^  flf  s 

-I-.  oo«r-£-  +  c  Sim-2- 

&w  L  0  w  3  w  D  8  w  0w 


(73) 


Also,  from  Equation  (73),  the  following  relationships  may  be  written: 


8  coso  .  0o  *  1 

°  =  -sino  “  =  -sinn  x  ~r 

8  w  0  w  U 


Ssino  8  a  1 

-  coso  ~  =  coso  x  — 
gw  8  w  U 


&C 


'I 

aw 


0CT  .  8CtS  - 

_LA s:  _  _L_  x  £ 

8^  &w  “  W  *  u 


s 

ovD 


<  to .  < 
8  w  "  8  a  8  w 


IT  x  U 


ubstituting  these  relationships  into  Equation  (73), 


8C 


'N  1 
8  w  "  U 


8C 


1  +  c  “ 


8  a 


0C. 


making  use  of 


coso  +  -C.  8  J  sino 

\  ' 


W  =  VT  sino 


(7b) 


PI  v  c 
s  '2.  T 

q  = 


1-T 
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and 


p 

V  V 
_T _ T_ 

U  ~  cos a 

equation  (71)  may  now  be  written  as 


8  H 


=  A  COSO  4  CD°  simA  PVT  S±n° 


VA 

+  P/o - °“T" 

^  cosq(1-T  ) 


78CLS  si 

8C  S  \  ‘ 

hr  +  CD  cos°  + 

To  “CLS  sing 

/ 

1 

Combining  terms  and  simplifying,  assuming  sin  a  -  0, 

r. 

Id  c. 


fj8~  s  6 


8  N  _  .  „  /I — .  _  s  .  8CP  sing 
8  w  PVTjU*  t  CD  t  TV  cosg 


2(1-IC  ) 


"L  sing cosg 
2(l-ToS)  ' 


2(1-T  S)  -  -i 


2 

COS  g 


or 


8N  _  pV^T 
8  w 


2(1-Tcu) 


^0CL  s 
Sx  jFTT  +  CD  +  SlllC' 


'B°d‘ 

w 


cosg 


+  Cv  cosg 

ij  ! 


2(i-r  c)  -  -hr] 


(75) 


(76) 


(77) 


COS  gj 

Since  the  drag  coefficient  and  the  terms  containing  sing  are  small 
for  equilibrium  flight  conditions  at  small  angles  of  attack,  the 
normal  force  variation  with  velocity  change  along  the  Z-axis  is 
primarily  a  function  of  the  wing-body  lift  curve  slope. 
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VARIATION  OF  WING-BODY  LONGITUDINAL  FORCE  WITH  VELOCITY 


ALONG  THE  Z-AXIS, 


ax 

3  w 


Using  the  same  procedure  as  for  normal  force,  the  following  ex¬ 
pression  for  longitudinal  force  is  derived: 


8X 


pVt 


8W  2(1-TS) 


C_S  “g’sr—  +  sin o 


8C. 


L 

W 


-i—  +  c  8 

cosor  D 


1  s 

- 2003^  (l-T 

coso-  v  c 


) 


(78) 


If  the  product  of  sinn  and  C_,  both  of  which  are  small,  is  neglected, 
the  derivative  may  be  simplified  to  the  following  form: 


8X  pAFVT  fr  s  8CD  8CL  toxw] 

8~  =  ^7s7  LCl  ~^+inr  J 


(79) 


168 


169 


VARIATION  OF  WING-BODY  NORMAL  FORCE  WITH 


PITCHING  VELOCITY,  — 

- 8q 

The  wing-body  lift  force  moves  from  a  point  near  the  fan  nub  in  the 
static  condition  to  a  point  well  forward  of  the  c.g-  in  forward 
flight o  Modulation  of  this  force  due  to  angle- of- attack  changes 
induced  by  a  pitching  velocity  about  the  c.g.  produces  a  force  change 
due  to  the  pitch  rate.  In  addition,  due  to  the  remote  location  of 
the  lift  vector  with  respect  to  the  c.g.,  a  damping  moment  is  created 
by  the  lift  vector  due  to  pitch  rate. 


From  Equation  (57) , 


N  =  C^\ 


S  S  s 

where  C,T  =  CT  cose  +  C_  sinor 
N  L  D 

Taking  the  partial  derivative  with  respect  to  q, 

ACS  8CS  o  p  8 

_N_  =  a  8££se  +  cQ6a  L_  +  c  8^£ £  +  aim 
8  q  L  8  q  8  q  D  8  q  8  q 


(82) 


The  induced  angle  of  attack  due  to  pitching  velocity  may  be  written  as 

-Ac 


U 


and 


3a  _  -x 
3q  =  U 


The  partials  of  Equation  (82)  may  now  be  developed  as  fellows: 


8  cosa  .  8  a  .  x 

=  -sinn  —  =  sine  - 

8q  8  q  U 


8 c  s  8C_ 3  a  -ac_s 

L _ L_  -  L-  x 


80. 


8  «  8q  8 a  U 
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a_5l££  =  cosa 
8  q  U 


U  -  w 

Substitution  in  Equation  (82)  yields 

8c/  -*  r/„  *  8°l6\  ks 

“^■'■0  CD  +  ViT h060,  +  l^-  "CL  sim 

or  r  an  s.  a  s  , 

8N  s.  x  „  s  ^CL  \  CD  „  s\  ,  . 

^=“qAplT  Cd  +  "TTo-  I  C0SQ'  +  CL  I  silW  (8 

The  distance  X  relative  to  the  vertical  p].ane  of  the  fan  hubs  is 
proportional  to  the  ratio  of  the  pitching  moment  to  lift,  neglecting 
the  small  drag  value  at  trim. 

C  8 

x  =  —  D 

F 

It  can  also  be  shown  that  this  center  of  lift  travel  is  a  linear 

V 

function  of  the  fan  momentum  velocity  ratio  rr~  » 


8  C  8 
D  x 

'8  ft  U 


X_  _  v 

df  '  K 

X 

With  reference  bo  the  c.g.,the  length  —  becomes 


+  y  -0 

df  V1 


“p  df  V  T  s 
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Evaluated  for  typical  trim  conditions  based  cn  wind  tunnel  test 
data,  K  has  the  value  of  1. 50. 

Simplifying  Equation  (83)  as  before,  and  assuming  cos  or  =  1.0 
and  sin  a-  =  0, 


VARIATION  0?  WING-BODY  LONGITUDINAL  FORCE  WITS  PITCHING 

VELOCITY, 

-  aq 

Using  the  same  procedure  developed  for  the  normal  force,  the  follov- 
ing  expression  is  developed  for  the  longitudinal  force: 


8X 

aq 


-  p/2  VT 


d--cs) 


(86) 


VARIATION  OF  WING-BODY  PITCHING  KOMEfff  WITH  PITCHINi, 

VELOCITY,  — 

-  8q 

The  pitch  damping  contribution  is  determined  by  combining  the  normal 
and  longitudinal  force  derivatives  with  the  assumption  that  the  longi¬ 
tudinal  force  acts  in  the  horizontal  plane  of  the  fan  hubs. 


8M  3N  3  X 

aq  aq  x  +3  q  z 


8M 

sq 


Vf 

/2  T  oT* 


r-si 

~/c  st 

f<  +  c.l 

,  L 

z 

W) 

Ki 

8  <*  CD 

lL  sal 

df 

(87) 
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CONTRIBUTIONS  OF  THE  NOSE  PAH 

The  contributions  of  the  nose  fan,  as  determined  from  wind  tunnel  test 
data,  -nay  include  interference  effects  due  to  the  nose  ffn  efflux 
affecting  the  flow  about  the  wing  or  horizontal  tail,  but  these 
effects  are  assumed  to  be  negligible  for  small  perturbations.  The 
principal  contributions  to  stability  arise  from  momentum  drag  and 
damping  in  pitch.  These  and  other  derivations  are  considered  in  the 
following  sections. 


VARIATION  OF  NOSE  FAN  NORMAL  FORCE  WITH  VELOCITY 
ALONG  THE  l -AXIS, 

- , - g  u 

The  normal  force  in  terms  of  nose  fan  slipstream-based  quantities  is 


s  s 

NNF  55  CN  w  q  Nf  V 


17** 
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VARIATION  OF  NOSE  yjffl  LONGITUDINAL  FORCE  AH)  MOMENT  WITH 

VELOCITY  ALONG  THE  X-AXIS,  — >  ~ 

. - — ■  . —  —  a  u  ou 

From  the  definition  of  longitudinal  force,  and  using  the  saaie  pro¬ 
cedures  as  for  the  nose  fan  normal  force,  the  following  derivative 


It  can  be  shown  that  this  expression  is  equivalent  to  the  deriva¬ 
tive  obtained  from  simple  momerrcum  theory.  From  Ref.  1^»  the  drag 
or  longitudinal  force  coefficient  in  terms  of  thrust  coefficient  is 


from  which 


80/  (1-2T,S) 


g 

Multiplying  both  sides  by  Tc  , 

8_f£  T  .  -b-Bc'K’ 

8i  B  0 

c 

Combining  Equations  (9M  and  (96), 


(95) 


(96) 


(97) 
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From 


p/2r» 


'/Ml 


up  =  (ap) 


i/a 


T'  H) 
■va - — 

s 

'c 


so1/2 


(98) 


Substituting  Equations  (97)  and  (98)  into  Equation  (93), 


I  -  <W  <2p!1/£ 


i/A  <i-ics) 


-f/2 


“T 


L[2TcS(1-TcS)] 


1/2 


(99) 


which  reduces  to 


fujgp  '  "  {pVTNF} 


1/2 


(100) 


This  expression,  which  gives  momentum  drag  variation  with  velocity, 
may  also  be  derived  from  simple  momentum  theory,  which  states  that 
the  momentum  drag  is  equal  to  the  product  of  the  fan  mass  flow 
and  the  free  stream  velocity  along  the  flight  path. 

The  mom ant  due  to  velocity  for  the  nose  fail  is  obtained  from 


9_Mj 

[8N1 

i  x  + 

8Xl  2 

(101) 
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VARIATION  OF  NOSE  FAS  FORCES  WTEH  VELOCITY  ALONG 

— —  .  ■■■■■.  "i  i  — —  i  mi-V  m  nit*  .  ,  .i  i,  i  ii  tmmrn  ■■■ 

liffiZ-AXK,  |f,  |f 

Expressions  for  the  derivatives  with  respect  to  velocity  v  may 
be  derived  which  are  identical  to  those  developed  for  the  wing- 
body  contributions.  However,  insufficient  wind,  tunnel  data  exist 
to  evaluate  these  quantities. 

The  theoretical  value  of  the  nose  fan  force  derivative  with  respect 
to  either  axial  or  non  axial  velocity  is  (pA^ 

The  normal  force  and  pitching  moment  derivatives,  respectively, may 
be  written  as 

fw  x  ^,0iW  TfP  '  (102> 

h  =  ^PANF  TNF^  ^  V1  ^103^ 

The  variation  of  longitudinal  force  with  vertical  velocity  is  assumed 


VARIATION  OF  HOSE  FAN  FORCE  AND  MOMENT  WITH  PITCHING  VELOCITY - 

3K  3M 
3q*  3q 

From  the  discussion  in  the  previous  section  of  the  force  changes  with 
respect  to  w. 


N 


or 


Therefore , 


and 


»  *  (sV  V1/2  (-i  v>  <10l*> 

sj  '  thf*  *iif  ‘:i05* 

H  *  fih»  *  -(panf  vi;  V  (io6) 
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EFFECT  OF  CONSTANT  POWER  ON  DERIVATIVES  WITH  RESPECT  TO  VELOCITY 


ALONG  THE  X-AXIS 

In  Equations  (6l)  and  (62)  it  was  assumed  that  wing  fan  speed  and,  thus, 
fan  disk  loading  were  constant.  If  this  restriction  is  removed  and 
the  fan  speed  is  allowed  to  very  a'  constant  power,  the  derivatives 
must  he  reevaluated.  The  primary  c<  ivatives  affected  are  the 
variations  of  thrust  coefficient  and  slipstream  dynamic  pressure  with 
velocity,  as  both  of  these  quantities  include  fan  disk  loading  as  a 
variable. 


From  the  definition  of  power  coefficient. 


pl/2 

_  s  _  P 


(107) 


/  C 


Letting  C 


-2 — j  c  S  and  solving  for  the  disk  loading. 


T/A  = 


1/2 


jC  S/C  |  C  S  A 

P  '  P  J  P  „ 


2/3 


(108) 


1/2 


Letting  K 


S‘A 

*  o 


a_d  B  = 


C  8 

?  ' 
*  o 


C  6 
'  P  ' 


,  the  disk  loading  may  be  written  as 


(109) 
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Substituting  in  the  equation  for  thrust  coefficient. 


s  _  VA _ (KB) 2/3 

2/3 


T  = 


C  T/A  +  5  (KB)2/3  +  q 


1  + 


(KB) 


! 

273 


-1 


Performing  the  differentiation  with  respect  to  u. 


9T  S 
c 

a  u 


(KB) 


273 


I-2  8^(ke)2/3 


a  u 


The  partial  derivative  in  this  expression  may  be  developed  as 

■v,  2/3  (kb)2/383  .  8  (KB)2/3 

°^(kb)  _  a  u  q  au 

8  u 


where 


[(KB)2/3] 

=  2/3(KB)~I/3a(KB) 


&u 


SIT 


and 


M  =  pUapV 


Equation  (ill)  may  now  be  written  as 


9  TCS  -  (KB)2/3pV  +  q  [2/3(KB)"1/39-^] 

9  U  r  o  In  "1 2 


[(KB)2/3  +  q] 

The  following  relationships  are  repeated  for  convenience: 


T/a  =  (KB)C/3 


(T/A)X/2  -  (KB) 1/3 

_,2 

1  =  p/2v 
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(11c) 


(111) 

follows: 

(ll2) 


(113) 


Substitution  in  Equation  (113)  yields 


3jC_  -Vapv  *  vffa  g] 

8 u  f  P'12 

t/a  + 


(n^) 


Tb*r  second  term  of  the  numerator  may  be  further  reduced  by  use  of 


a-  -  t/a  + 


-2  =  (1-1  E) 
S  '  C  ' 
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Therefore, 
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L 
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(^j575 

80  ®  /CT,S 

»  B  P  o  P 
g_-=  - - 


Substitution  back  into  Equation  (llU)  gives  the  final  expression  for 


8  T  /8u , 
c  7 


ST  S  VT  ”  c  8  8  Cp  /Cp  j 

s~c-  =  -  E-S_  * 2/3U-T  s)  I s  j- 

8  u  s  '  '  c  '  c  s  8u 

q  S 


(115) 
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The  first  term  of  this  equation  is  the  same  as  that  derived  for 
constant  fan  3peei->  and  the  second  term  accounts  for  fan  speed  change 
with  constant  power.  This  equation  was  evaluated  for  several  trim 
speeds  in  the  transition  speed  range?  and  the  derivative  for  constant 
power  was  about  96  percent  of  the  value  of  the  derivative  for  constant 
fan  speed.  Therefore,  the  effect  of  constant  power  on  this  derivative 
is  small  and  the  simple  form  of  the  derivative  may  be  used. 

The  other  quantity  affected  by  fan  speed  change  is  the  slipstream 
dynamic  pressure, 

1S  -  I/A  * 

Substituting  Equation  (109)  and  differentiating  with  respect  to  u. 


aal_  8(kb)2/3 

9  u  a  u  +  p  0 

The  first  term  in  Equation  (112)  ■••as  evaluated  .as 


(ll6  ) 
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c  s 

tr  t/a 

?  0 


I8j 


Equation  (ll6  )  may  now  be  written  as 


¥sr  -  +  2/3 


:  °  /c 

p-  o  p 
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8u  T/A 


(117) 


Replacing  3y  by 
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,V^T . 


1-T 
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(118) 


Thus,  for  constant  power,  the  magnitude  of  the  partial  of  q°  with 
velocity  is  increased  if  the  fan  speed  increases  with  velocity. 

The  amount  of  the  increase  in  the  derivati.ve  was  evaluated  for  several 
trim  speeds  and  found  to  vs  from  80  percent  at  about  59  knots  to  ^0 
percent  at  100  knots.  The  wing-body  derivatives  originally  developed 
for  constant  RPM  may  now  be  rewritten  to  include  the  effects  of  constant 
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LONGITUDINAL  CONTROL  DERIVATIVES 

Longitudinal  control  contributions  are  derived  from  the  elevator 
and  nose  fan  reverser  control  doors.  Although  these  controls  are 
commonly  related  through  the  longitudinal  control  stick,  the  nose 
fan  door  gain  varies  with  louver  vector  angle  and,  furthermore, 
the  nose  fan  doors  are  actuated  independently  of  stick  position 
in  response  to  stability  augmentation  system  signals.  Therefore, 
the  control  derivatives  are  evaluated  separately  in  terms  of  elevator 
and  nose  fan  door  position. 

ELEVATOR  CONTROL  DERIVATIVES 

The  elevator  contribution  may  be  determined  by  writing  the  equation 
for  horizontal  tail  normal  force  and  differentiating  with  respect  to 
elevator  angle. 
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P/2VT  St 


acT 


l  D+ 

cos  (a  -i)  +  — —  sin(a  ~f) 
86  ' w  '  86  w  ' 

e  e 
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The  drag  term  may  be  written  as 
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and 


8N  r.  ^ 

56T1  *n t  P/2VT%  861  [°°s  (V>  + 
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(123) 


where  3CT  jzb  is  per  radian 
Lt  6 


Similarly, 
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NOSE  FAN  THRUST  REVERSER  DOOR  CONTROL  DERIVATIVES 


Nose  fan  door  control  characteristics  developed  from  the  wind  tunnel 
tests  of  Reference  17  are  shown  in  Figure  71>where  the  nose  fan  incre¬ 
ments  were  determined  from  nose  fan-on  and  nose  fan-off  data. 


Dimensional  derivatives  may  be  developed  from  the  nondimensional 
quantities  cf  Figure  71  as  follows : 

3AC  S  8 AC.  S  m 


8N 

a  a. 


0  —■  X  57.3  per  radian  (126} 
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-?  AC  S  T 

- -  _2£°  x  57.3  per  radian 

s6  ^.0  _  s 
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(128) 


pfd  pfd  ""  “upfd 

The  nose  fan  thrust  relative  to  the  wing  fan  thrust  may  be  determined 
f  rom  Figure  .71  as 

~  =  .1*8  -.35  (1-TCS) 

1ooo 

and  the  pitching  moment  derivative  becomes 


^ Tooo  t"  -35  (^c8)]  ™  V 


(12?) 
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HOVERING  DERIVATIVES 


The  expressions  for  the  stability  derivatives  in  hovering  or  very 
low  speed,  flight  are  derived  from  considerations  of  the  wing  and 
nose  fan  mass  flow, as  given  by  simple  momentum  theory  and  the  in¬ 
duced  forces  due  to  the  mass  flow.  Contributions  due  to  the  hori¬ 
zontal  tail  are  neglected  except  for  pitch  damping  and  motion  along 
the  Z-axis. 

DERIVATIVES  WITH  RESPECT  TO  VELOCITY  ALONG  THE  X-AXIS 

LONGITUDINAL  FORCE, 

- - >  0U 

The  momentum  drag  of  the  wing  fans  and  nose  fan  is 

x  -  V* +  V* -  *  Vu  (130) 

and  the  derivative  with  respect  to  velocity  is 


gu  W  TiF 

(131) 

where 

V  ■  (PAF  Tcoo>1/2  *  K  1000)1/2 

(132  3 

and 

*»  ■  (o’\p  3W>1/2 

From  Figure  73, the  nose  fan  thrust  in  terms  of  wing  fan  thrust  is 


1 1/2 


sq  -  =  .386 

Equation  (131)  may  now  be  written  a3 


^  ooo  I 


(aAp  Tooo)1/2  +  •04s  Vl/S  <-386>  (Tooo>X/2 


=  -.370  (o-T  )X/2 
'  ooo' 


(133) 
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VERTICAL  FORCE,  ~ 

The  variation  of  normal  force  vith  change  in  forward  velocity  is  derived 
from  a  method  presented  in  Reference  18  based  on  two-dimensional  jet  flap 
theory.  Since  the  method  overestimates  the  lift  at  low  speeds,  it  is  mod¬ 
ified  by  considering  only  the  wing  area  immediately  ahead  of  the  fan  as 
being  affected  by  the  fan  inflow.  From  Reference  18,  the  two-dimensional 
lift  coefficient  is 


S1 . 1  .  c 

S3  | 

S,  +  S_  +  S_ 1 

S„  +  s„  +  s_ 

1  2  31  3 

1  2  31 

<1310 


C  ,  which  represents  the  loading  on  the  area  aft  of  the  fan,  is  assumed 

*3 

to  be  equal  to  -1.0  according  to  the  reference.  Since  this  value  is  small 
compared  to  the  first  term  at  very  low  speeds,  the  equation  is  shortened 
by  assuming  that  S^  =  0  and  incorporating  an  empirically  determined  cor¬ 
rection  factor  K  to  account  for  the  simplification. 


where 


S1  *  S2 


(135) 


C*  _ _ 

—•=  3  /  T 

J  7 

q  l 
90° 

6j  =  5773  =  1,57 

=  area  ahead  of  fan,  per  semispon 
Sg  =  fan  area,  per  fan 
K  =  .75 
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The  fan  induced  lift  coefficient  is 


c  _ 

L.  2*  86, 


(136) 


where  — —  i;:  assumed  to  he  equal  to  unity. 

00-L 


Therefore, 


.  -  *7.5  -x  3.Q  It  ' 

2ir  yqSl  ^ lsi  +  s2i 


(137) 


The  induced  lift  is  then  calculated  from 

L  =  CT  qS  . 

L.  ref 


■  -xsjSi  (srN;)2  (Sj- *  S£>  q 


=  1.125/Tq&j~ 


cPo  2. 

Expressing  q  as  v  and  evaluating  the  lift  for  S1 


L  =  .1^1 


13  ft2, 


(138) 


and  the  derivative  with  respect  to  velocity  becomes 


9-  =  -  —  =  .10  (a-T  )1'/ 
0V\  8’\  '  ooo' 


(139  ) 


It  should  be  noted  that  this  d  irivative  becomes  discontinuous  at  zero 
velocity  because  rearward  flight  would  also  produce  a  positive  in¬ 


duced  lift. 
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PITCHING  MOMENT,  ^ 
_  '  a  u 


Pitching  moments  due  to  translations?  velocity  are  created  primarily 
due  to  the  wing-fan  center  of  lift  transfer  and  secondarily  due  to 
the  momentum  drag  term. 


The  moment  due  to  cente 


where 

-  dx/':,-» 

x  =  -jz. L-'5*  •: 
dV  t . 

and 

•ii 

of  lift  transfer  is 
M  =  L  (x  -AXcg) 

Vv  xDf  =  kv/vdp 
\1  - 


(1U0) 


L=mVJ 

Substituting  these  relationships  into  Equation  (1^0), 
M  =  mV.(K  V/v  Dp  -Axcg)  =  mKVDj,  - 

<3 

and 


|3  =,  H  *  Vooo)1/2kDP  .  .320^//^  Uhl) 

Based  on  test  data  for  zero  vector  angle,,  K  has  the  value  of  about 
i.25  and  the  moment  derivative  is  then 


=  2.08  (<rT  J1/2 

g  U  r\r\n' 


OOO' 


(1U2) 


The  moment  due  to  momentum  drag  is  determined  from  the  longitudinal 


force  derivatives  given  by  Equation  (133), 


=  =  _ .370  (tT  )V2Z 

gu  gu  \  000/ 


and  when  added  to  Equation  (1^1), 
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DERIVATIVES  WITH  RESPECT  TO  VELOCITY  ALONG  THE  Zr-AXIS 


VERTICAL  FORCE,  — 

- „ - gW 

Motion  along  the  Z-exis  produces  forces  due  to  the  fans  and  the  air¬ 
craft  vertical  A rag.  The  fan  momentum  term  is 

•  » 

Z  =  -{a^p  w  +  m^  w)  (1^5) 

By  inspection,  this,  equation  is  identical  to  the  momentum  drag  with 
respect  to  the  7.- axis.  Therefore, the  vertical  force  derivative  may 
be  written  as 


~  =  -.370  (<rT_)l/2 

qV 


OOO' 


(146) 


The  airframe  vertical  drag  may  be  determined  from  data  from  Ref.  10. 

2, 

.  m  t 

■V 


■  °EL, 


H  ■  y 


and 
where 

Combining  Equations  (l46)  and  (l47)» 


CUT) 


%  -  U-8 


P  =  -3T0  (tT000)1/2  -  l.l9<r/v/  <U8) 

Quantities  dependent  upon  freestream  dynamic  pressure  such  as  vertical 
drag  introduce  nonlinearities  because  they  contain  the  independent 
variable.  At  zero  velocity,  these  derivatives  are  zero  and  could  be 
neglected  for  small  pert urbet ions)  however,  they  are  shown  here  in 
order  to  account  for  all  the  forces  which  contribute  to  the  deriva¬ 
tives.  These  quantities  may  be  further  approximated  in  a  linear 
form  if  the  maximum  value  of  the  disturbance  velocity  is  known. 

A9Z  =  1  n/Vmax/ „■ 

8w  2 
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The  absolute  notation  is  used  to  preserve  the  proper  sign  convention. 


PITCHING .  MOMENT,  ~ 

_ l  P)V 

The  pitching  moment  derivative  is  determined  from  the  vertical  force 
derivatives  and  the  airframe  pitching  moment. 

M  -  V’V  -v  (XWF> +  w2w  (1!,! 

Evaluated  for  ac.g.  position  at  Station  240,  the  moment  derivative  is 


—  =  .325  (<rT  -4. 80  /v/ff 

gw  000'  '  ' 


(150) 
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DERIVATIVES  WITH  RESPECT  TO  PITCHING  VELOCITY 


VERTICAL  FORCE,  —  jAND  PITCHING  MOMENT,  — 

_ —a2 _  9Q 

The  pitch  rate  derivatives  are  determined  from  the  fan.  vertical 
force  derivatives  with  respect  to  velocity  w,  where  the  velocity 
is  induced  by  the  pitch  rate  and  from  the  force  on  the  horizontal 
tail. 

In  general  terms  these  derivatives  may  be  written  as 


az 

a <1 


•  •°5(<rTooo>1/%F  -»9(«ooo)1/2V  ~°D„  WA  W 


^  -  -osKo/72^)2  VVt3’ 

(152) 

and  evaluated  for  c.g.  Station  2U0, 


’  •131(<rTooo>1/2  -6l’5/e/° 
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TABLE 

XI, A. NUMERICAL  VALUES  OF  THE  STABILITY 

- ) 

DERIVATIVES, 

a  1.0000 

Derivative 

Velocity 

(Kts) 

Wing- 

Body 

Tail 

Nose 

Fan 

Total 

Derivative* 

0 

- 

-36.5 

16.6 

-25.3 

-0.4 

-4.9 

-30.7 

dx  /lb-sec, 
du  ft 

39.7 

57.4 

-41.  2 
-34.  7 

-1.0 
-1.  5 

-4.  9 
-4.8 

-1*7.1 

-1*1.1 

74.6 

-41.  5 

-2.0 

-4.  8 

-1)8.3 

90.0 

-49.  2 

-1.4 

-4.9 

-55.5 

0 

_ 

_ 

-9.9 

16.6 

-10.  0 

-1.6 

- 

-11.6 

dZ  /lb-sec, 

au  ^  ' 

39.7 

-19.  1 

-3.9 

- 

-23.0 

57.4 

-42.  0 

-6.0 

- 

-48.  0 

74.6 

-56.  3 

-8.  3 

- 

-64.  6 

90.0 

-59.3 

-5.9 

- 

-65.2 

0 

- 

168.  8 

16.6 

200.9 

-29.7 

-4.9 

166.  3 

If  (lb-sec) 

39.7 

147.  2 

-75.0 

-4.9 

67.3 

57.4 

77.  0 

-115.  1 

-4.  8 

-42.  9 

74.6 

-15.7 

-159.3 

-4.  8 

-180.3 

90.0 

-132.6 

-114.6 

-4.9 

-252. 1 

0 

- 

_ 

- 

_ 

16.6 

- 

- 

” 

- 

ax  t lb-sec ^ 

3w  ^  ft  ' 

39.7 

27.9 

-0.8 

27.  1 

57.4 

33.0 

-1.0 

- 

32.  0 

74.6 

25.  5 

-1.  1 

24.4 

90.  0 

22.  8 

-1.8 

- 

21.  0 

0 

_ 

- 

-36.  5 

16.6 

-28.4 

-  2.  7 

-4.9 

-36.0 

az  /lb— sec \ 

39.7 

-75.6 

-  7.  0 

-4.9 

-87.  5 

57.4 

-97.  1 

-10.6 

-4.  8 

- 112. 5 

74.6 

-121.0 

-14.4 

-4.  8 

-140.  2 

90.  0 

-150. 4 

-17.  5 

-4.9 

-172. 8 

0 

.. 

- 

32 

16.6 

175 

-5  / 

75 

195 

S  (lb-aec) 

39.  7 

222 

-141 

74 

155 

57.4 

214 

-217 

73 

70 

74.6 

210 

-295 

72 

-14 

90.  0 

215 

-356 

74 

-67 

0 

_ 

- 

_ 

16.6 

-2.9 

_ 

-2.9 

3X/ lb-sec \ 

3q  rad 

39.  7 

-10.0 

- 

- 

-10.  0 

57.4 

-38.  3 

- 

-38.  3 

74.6 

-52.6 

_ 

- 

-53.6 

90.  0 

-57.  8 

- 

-57.8 
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TABLE  XI, B. NUMERICAL  VALUES  OF  THE  STABILITY 
DERIVATIVES,  a  =  0.9151 


- J 

Derivative 

Velocity 

(Kts) 

Wing- 

Body 

Tail 

Nose 

Fan 

Total 

Derivative*- 

0 

-35.0 

dX  (Ib-sec\ 

3u  '  ft  ’ 

17.3 

-24.  3 

-0.4 

-4.7 

-29.4 

41.5 

-39.  7 

-1.  0 

-4.  7 

-45.4 

60.0 

-33.0 

-1.  5 

-4.6 

-39.  1 

78.0 

-39.  8 

-1.9 

-4.6 

-46.3 

94.  1 

-45.4 

-1.3 

-4.7 

-51.4 

0 

_ 

_ 

_ 

-9.4 

17.3 

-9.8 

-1.5 

_ 

-11.3 

dZ  /•  lb-sec  x 
ft  ' 

41. 5 

-21.  8 

-3.  8 

_ 

-25.7 

60.0 

-41.0 

-5.  8 

- 

-46.  8 

78.0 

-54.2 

-7.9 

- 

-62.  1 

94.  1 

-57.9 

-5.  7 

- 

-63.6 

0 

_ 

_ 

_ 

161.  5 

17.  3 

192.7 

-23.4 

-4.7 

159.6 

—  (lb-sec) 

41.  5 

141.9 

-71.8 

-4.  7 

65.4 

du 

60.  0 

73.4 

-110.  1 

-4.  6 

-41.  3 

78,0 

-14.8 

-152.8 

-4.6 

-172.2 

94.  1 

-126.0 

-  109. 6 

-4.7 

-240.3 

0 

- 

- 

- 

dX  ,lb-secA 
ft  > 

17.3 

41.  5 

26.6 

-0.7 

25.8 

60.  0 

30.  3 

-1.  0 

- 

29.3 

78.0 

24.  3 

-1.  1 

- 

23.3 

94.  1 

21.7 

-1.7 

“ 

19.9 

0 

- 

_ 

-35.0 

17.3 

-27.  2 

-2.6 

-4.  7 

-34.  5 

dZ  r  lb-sec  \ 
ft  ' 

41.5 

-72.  3 

-6.7 

-4.7 

-83.7 

bO.O 

-92.9 

-10.  2 

-4.6 

-107.7 

78.  0 

-115.7 

-13.  8 

-4.6 

-134.  1 

94.  I 

-143. 9 

-16.7 

-4.  7 

-165.  3 

0 

- 

- 

31 

17.3 

176 

-53 

71 

194 

g  (lb-sec) 

41.  5 

60.0 

213 

205 

-135 

-208 

71 

70 

149 

67 

78.0 

201 

-282 

69 

-12 

94.  1 

206 

-340 

71 

-63 

0 

- 

- 

- 

- 

dX  ,  lb-sec  \ 
c)q.  '  rad  ' 

17.  3 

-2.  8 

- 

- 

-2.  8 

41.5 

-8.6 

- 

- 

-8.6 

60.0 

-30.  4 

- 

- 

-30.4 

78.0 

-40.  0 

- 

- 

-40.  0 

94.  1 

-44.  5 

-44.  5 
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APPENDIX  III 

WIND  TUNNEL  WALL  CORRECTIONS 


INTRODUCTION 


In  support  of  cbe  XV-5A  Data  Correlation  Study,  an  investigation  of  avail¬ 
able  wind  tunnel  wall  effect  corrections  and  data  testing  limitations  for 
VTOL  vehicles  was  made.  This  investigation  consisted  of  (l)  a  survey  of 
the  current  state  of  the  art19’'  20 ,  including  methods  used  for  the  collec¬ 
tion  of  data  utilized  in  the  correlation  study, and  (2)  an  evaluation  of  the 
most  promising  correction  technique  applied  to  some  of  the  data  under  study. 

The  fundamental  techniques  available  consist  of: 

1.  the  conventional  wing  circulation  infinite  vortex 
image  system  representing  the  total  lift  21 , 

2.  the  conventional  wing  circulation  vortex  image  system 
representing  only  the  wing  lift  with  the  lifting  pro¬ 
pulsion  system  airflow  assumed  not  to  have  a  wall 
effect  contribution  (CVAL  344), 

3.  a  linear  doublet  stream  tube  image  system  represent¬ 
ing  highly  downward  deflected  airflow  caused  by  the 
propulsion  system7  ,  and 

4.  a  doublet  stream  tube  image  system  with  a  stream  tube 
curvature  correction  representing  highly  downward 
deflected  airflow  caused  by  the  propulsion  system22. 

There  have  been  a  number  of  investigations  by  NASA,  References  23  to  29 , 
which  extensively  cover  wind  tunnel  data  wall  effect  corrections. 

These  studies  indicate  quite  conclusively  that  the  first  two  techniques 
mentioned  above  provide  corrections  of  insufficient  magnitude.  The  third 
method,  modified  by  Heyson  32,  provides  a  reasonable  technique  to  correct 
the  data  to  the  free  air  condition.  The  fourth  technique,  which  is  an  ex¬ 
tension  of  the  third,  has  two  faults.  It  is  a  very  cumbersome  method  re¬ 
quiring  a  computer  program  to  apply  corrections,  and  the  results  of  apply¬ 
ing  the  technique  are  inconclusive.  The  latter  situation  may  very  well 
be  the  fault  of  the  data.  Thus,  it  was  decided  to  pursue  Heyson' s  modi¬ 
fied  technique  of  wind  tunnel  wall  effect  corrections  for  application  to 
the  XV- 5A  Data  Correlation  Study. 


WIND  TUNNEL  TESTING  LIMITATIONS 


There  is  an  important  factor  which  should  be  considered  when  using  any 
wind  t’mnel  data;  that  is,  the  low  speed  limit  of  applicability.  Rae 
has  indicated13  that  there  is  a  flow  breakdown  region  where  the  lifting 
propulsion  system  (fan  or  propeller)  efflux  will  circulate  laterally  across 
the  floor,  up  -che  sidewall,  and  then  reenter  the  propulsion  system  inlet. 
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This  breakdown  region  is  indicated  for  aome  helicopter  rotor-wind  tunnel 
geometries.  However,  for  the  tunnel  tests  included  in  the  subject  Data 
Correlation  Study,  predicting  this  breakdown  region  is  a  considerable  ex¬ 
trapolation  of  Rae's  data  and  cannot  be  obtained  with  any  accuracy.  Even 
so,  this  breakdown  region  should  be  considered  when  analyzing  data  in  the 
very  low  freestream  velocity  regime  (near  hover),  since  it  is  proven  to 
exist.  It  is  also  indicated  by  Rae's  investigation  that  tunnel  fillets 
or  curved  sidewalls,  such  as  those  in  the  Ames  wind  tunnel,  may  aggravate 
this  flow  breakdown  situation. 


DISCUSSION  OF  HEYSON'S  TECHNIQUE  WITH  RESPECT  TO  THE 
XV-gA  CONFIGURATION 


There  is  one  significant  point  which  should  be  kept  in  mind  when  consid¬ 
ering  the  approach  and  assumptions  of  this  technique;  that  is,  even  though 
the  complexities  can  be  severe  and  the  assumptions  or  applications  somewhat 
rough,  the  technique  obtains  the  major  portion  of  what  is  a  fairly  small 
correction. 

Before  discussing  the  technique  used,  a  short  explanation  of  wind  tunnel 
wall  effects  is  no  doubt  in  order.  One  desires  that  wind  tunnel  data  be  ob¬ 
tained  for  the  free  air  condition.  However,  the  presence  of  the  wind  tunnel 
walls  distorts  the  airflow  around  the  model  such  that  the  model  forces  gen¬ 
erated  and/or  the  reference  angle  of  attack  is  in  error.  For  the  usual 
lifting  case,  the  tunnel  walls  distort  the  basic  flow  such  that  the  vehicle 
is  "flying"  at  a  higher  angle  of  attack  than  if  it  were  in  free  air. 
Correction  techniques  apply  a  mathematical  image  system  to  represent  the 
tunnel  walls,  and  the  magnitude  of  this  effect  is  solved  for  comparison  to 
the  free  air  case. 

3  0 

Heyson's  method  of  wall  effect  corrections  can  be  subdivided  into  two 
major  portions:  (l)  a  rigorous  analytic  portion  which  computes  the  induced 
wall  effect  interference  factors,  assuming  a  diminishingly  small  single 
propeller  or  fan  induced  stream  tulpe  with  known  physical  properties,  and 
(2)  a  simplified  momentum  portion3 ;  which  enables  one  to  define  the  physical 
properties  required  above  to  obtain  the  dimensional  values  of  the  induced 
velocities.  These  stream  tube  properties  are  determined  from  the  measured 
values  of  lift  and  drag  and  the  geometry  of  the  model  and  tunnel. 

The  analytic  portion  solves  for  the  wall  effect  interference  factors  (non- 
dimensional  parameters)  in  a  general  form  as  a  function  of  wind  tunnel 
geometry,  a  single  model  propulsive  inlet  and  stream  tube  location  in  the 
cross  section  of  the  tunnel,  and  the  inclination  of  this  straight  stream 
tube  which  lies  in  the  longitudinal  plane  and  continues  to  the  tunnel 
floor.  The  solution  is  accomplished  by  employing  the  classical  image  system 
technique.  Two  assumptions  are  made  which  should  be  kept  in  mind  when 
this  method  \s  employed: 
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1.  The  stress  tube  is  represented  by  a  string  of  point 
doublets  which  imply  that  the  diameter  of  the  stream 
tube  is  infinitely  small  in  comparison  to  the  wind 
tunnel  test  section.  This  is  a  good  assumption  for 
most  tunnel  tests  where  the  model  is  kept  reasonably 
small.  This  situation  exists  for  the  fans  used  in 
this  study. 

2.  The  model  induced  stream  tube  remains  linear  until  it 
impinges  upon  the  tunnel  floor.  A  subsequent  study 
and  analysis  by  Heyson32  indicate  that  the  stream  tube 
then  rolls  up  and  forms  two  von  Lees.  He  proposes 

a  theoretical  relationship  betwe.  ‘■•he  angle  of  the 
stream  tube  and  the  line  of  the  vox  city.  Thus, 
a  correction  for  the  stream  tube  inclination  from 
the  positive  Z-axis  (skew  angle)  is  obtained.  The 
flow  is  obviously  very  complex  and  nonlinear,  and 
Heyson' s  arguments  for  the  correction  are  reason¬ 
able.  Thus,  one  would  expect  satisfactory  results 
from  the  application  of  this  technique.  Close  correla¬ 
tion  is  obtained  upon  comparing  various  corrected 
tunnel  tesJi  data  and  near-free  air  data  of  the  same 
model. 

The  second  portion  of  Heyson' s  technique31  is  the  standard  momentum  approach 
which  uses  the  measured  model  lift,  drag,  geometry,  and  piopulsive  device 
configuration  to  determine  the  skew  angle  and  the  stream  tube  induced 
velocities.  The  implication  of  the  propulsive  device  configuration  is  that 
one  should  know  the  stream  tube  contraction  ratio  from  which  the  induced 
velocities  at  the  inlet  face  (fan  or  propeller  plane)  can  be  computed. 

This  contraction  ratio  is  the  stream  tube  cross-sectional  area  at  the  pro¬ 
pulsive  device  ratioed  to  the  wake  cross-sectional  area  where  the  static 
pressure  has  returned  to  ambient.  For  the  static  case, this  ratio  is  two 
for  open  propellers  and  unity  for  ducted  fans.  Since  the  basic  applica¬ 
tion  of  this  technique  is  the  low-speed,  highly  deflected  crossflow  flight 
regime,  the  contraction  xdtio  for  the  propeller  does  not  vary  significantly 
with  forward  speed,  and  the  ducted  fan  variation  is  negligible.  Thus,  the 
technique  and  method  are  straightforward  and  reasonable  for  handling  a 
small  propeller  or  duct  inside  a  wind  tunnel.  For  the  subject  Data 
Correlation  Study  where  ducted  fans  are  involved,  a  constant  contraction 
ratio  value  of  unity  can  be  used  satisfactorily. 

The  XV-5A  propulsive  configuration  is  not  quite  as  simple  as  the  single 
duct  discussed  above,  and  additional  considerations  and  corrections  are 
required.  Considerable  data  were  obtained  for  the  XV- 5A  aircraft  and  models 
for  pitch  fan  off  and  horizontal  tail  off.  Thus,  the  fundamental  correc¬ 
tion  necessary  for  these  data  becomes  the  effect  of  two  ducted  fans  lat¬ 
erally  displaced  in  contrast  to  a  single  equivalent  fan.  Heyson  includes 
this  aspect  in  his  report7  and  indicates  methods  to  obtain  the  reduced 
induced  upwash  effects  of  two  laterally  displaced  fans  in  terms  of  the 
"equivalent"  single  fan.  A  short  study  of  lateral  distribution  of  tunnel 
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wall  induced  upwash  indie  a-;  d  that  a  reasonable  average  of  induced  up- 
wash  would  be  obtain^  lacing  the  mathematical  point  fan  approxi¬ 
mately  at  the  outboard  butt  line  of  the  real  fans.  These  spanwise  loca¬ 
tions  were  found  to  be  very  close  to  the  lateral  nondimens ional  values  of 
r)  tabulated  by  Heyson  corresponding  to  0.25  and  0.125  tunnel  semiwidths 
for  the  full-scale  and  l/6-scale  model,  respectively.  Thus,  these  values 
were  used.  The  values  given  above  are  the  distances  of  the  point  fan 
of  the  two  models  from  the  longitudinal  plane  of  symmetry  in  terms  of 
tunnel  semiwidth. 

The  correction  for  pitching  moment  for  the  tail-on  configuration  stems 
from  the  longitudinal  variation  of  the  induced  upwash  due  to  the  tunnel 
wall.  This  longitudinal  variation  is  greatly  affected  by  the  value  of  the 
skew  angle.  Since  the  flow  nonlinearit.ies  are  to  a  great  extent  related 
to  this  skew  angle,  it  should  be  appreciated  that  the  moment  correction 
is  subject  to  significantly  larger  errors  than  the  lift  or  drag  correc¬ 
tions.  The  procedure  for  determining  the  tail  induced  interference  factors 
is  identical  to  the  wing  lift  and  drag  correction  procedure,  except  that 
the  induced  upwash  is  determined  at  the  tail  location.  When  the  air¬ 
craft  characteristics  are  referenced  to  the  wing,  the  correction  in  slip¬ 
stream  notation  becomes 

s  (155) 

(Acy-Ao-p  (1-Tc  )  (Ref.  33,  p.ll) 

Again  the  lateral  fan  distribution  correction  should  be  made,  but  no 
lateral  correction  is  given  in  Heyson' s  work  for  longitudinal  stations  other 
than  the  fan  station.  Thus,  the  longitudinal  induced  upwash  at  the  tail  is 
reduced  by  the  same  percentage  as  the  induced  upwash  at  the  wing  due  to  the 
lateral  fan  distribution  effect.  There  is  also  the  consideration  of  the 
effect  upon  the  induced  upwash  due  to  the  elevated  position  of  the  hori¬ 
zontal  tail  above  the  horizontal  plane  of  the  wing  fans,  and  the  additional 
complication  that  this  distance  is  a  function  of  angle  of  attack.  No 
vertical  displacement  correction  is  given  in  Heyson' s  technique  for  longi¬ 
tudinal  stations  other  than  at  the  wing  fan  station.  Therefore,  an  exam¬ 
ination  of  the  change  of  interference  factors  (wail  induced  upwash)  was 
made  at  a  point  directed  vertically  from  the  fans  a  distance  equal  to  the 
longitudinal  distance  between  the  fans  and  the  horizontal  tail.  The  re¬ 
sults  indicated  that  the  variation  of  induced  upwash  is  small  for  skew 
angles  above  ^5  degrees  in  the  full-scale  Ames  tests,  and  smaller  yet  for 
CVAL  3hh  tests.  Therefore,  this  effect  is  ignored  because  it  is  small  and 
because  increases  in  angle  of  attack  significantly  reduce  the  distance, 
which  tends  to  make  the  correction  even  smaller. 

The  additional  aspect  of  correcting  the  data  for  the  effect  of  the  pitch 
fan  and  wing  fans  operating  together  should  be  considered.  The  lifting 
stream  tube  due  to  the  pitch  fan  will  be  affected  by  the  tunnel  walls, 
causing  an  additional  induced  upwash  on  the  wing.  First,  it  .s  necessary 
to  recall  one  of  Heyson' s  basic  assumptions  that  the  stream  tube  formed 
by  the  fan  efflux  under  consideration  is  deflected  downward  in  the  vertical 
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plane  of  symmetry.  However,  the  lift  control  of  the  pitch  fan  is  accom¬ 
plished  by  two  laterally  placed  deflector  doors.  Thus,  the  assumption  is 
good  near  maximum  lift  of  the  pitch  fan  (trimmed  low-speed  flight  regime), 
and  is  poorer  as  the  doors  are  modulated  to  cancel  the  lift  by  deflecting 
the  fan  efflux  laterally  (trimmed  high-speed  flight  regime).  One  should 
also  keep  in  mind  that  this  correction  is  involved  with  the  longitudinal 
induced  upwash  distribution  which  is  subject  to  greater  errors.  Also,  the 
pitch  fan  lift  is  a  maximum  of  20  percent  of  the  wing  lift,  thereby  reduc¬ 
ing  the  importance  of  this  correction.  In  order  to  determine  if  this  cor¬ 
rection  was  of  significant  magnitude  for  the  Ames  tests,  some  estimates  of 
the  induced  upwash  on  the  wing  due  to  the  pitch  fan-wing  fan  combination 
were  compared  to  the  induced  upwash  on  the  wing  due  to  the  wing  fans  alone. 

For  the  pitch  fan  high  lift  case  (an  effective  skew  angle  of  1*5  degrees), 
it  was  found  that  the  wing-induced  upwash  would  be  increased  nearly  25 
percent  above  that  for  the  wing  fan  alone.  This  increase  includes  the 
correction  for  the  effect  of  lateral  displacement  of  the  wing  fans  and 
variable  lateral  distribution  of  the  induced  upwash.  The  magnitude  of  this 
correction  is  indeed  significant.  There  is  the  additional  complication  that 
the  wind  tunnel-measi-red  pitch  and  wing  fan  thrust  forces  are  not  obtained 
separately,  because  only  the  total  forces  are  obtained.  If  one  assumes 
that  the  additional  lift  due  to  the  pitch  fan  occurs  at  the  wing  fans  and 
increases  the  wing  fan  area  by  the  pitch  fan  area,  and  then  competes  the 
induced  upwash  again  ratioed  to  the  wing-fan-alone  effect,  the  upwash  is 
increased  about  15  percent.  Thus,  this  modified  comparison  of  induced  up¬ 
wash  of  the  equivalent  wing  fan  to  wing  fan  only  (15  percent),  divided  by  the 
proper  comparison  of  pitch  fan-wing  fan  effects  to  wing  fan  only  (25  percent), 
gives  the  relative  effect  of  the  modified  procedure  to  the  more  rigorous 
method.  This  error  is  indicated  to  be  approximately  8  percent  low.  Thus, 
the  attempt  to  define  a  rigorous  correction  for  the  pitch  fan  is  not  war¬ 
ranted,  and  a  reasonable  approximation  is  obtained  by  dividing  the  wing  fan 
area  by  the  pitch  fan  area. 

The  next  consideration  is  a  correction  for  the  effect  of  operating  the 
pitch  fan  when  the  model  horizontal  tail  is  on;  that  is,  the  induced  up¬ 
wash  effect  at  the  horizontal  tail  due  to  the  pitch  fan.  This  correction, 
which  involves  the  longitudinal  distribution  of  the  induced  upwash,  was 
indicated  previously  to  be  of  comparatively  low  accuracy  due  to  the  basic 
assumptions  applied.  Thus,  with  all  the  unknown  subtleties  concerning  the 
pitch  fan  as  indicated  above,  it  is  felt  that  any  correction  obtained 
would  be  academic. 

APPLICATION  OF  KEYSON'S  TECHNIQUE  TO  XV- 5A  DATA 

The  major  portion  of  the  wind  tunnel  data  to  be  used  for  this  Data  Correla¬ 
tion  Study  was  obtained  in  the  GD/Convair  l6-x-19-foot  return  section  with 
the  1/6-scale  model,  and  the  Ames  l40-x-80-foot  section  with  the  full-scale 
model  and  the  XV-5A  aircraft.  The  tunnel  and  model  geometries  and  model 
placement  dimensions  were  used  to  obtain  the  values  of  the  parameters  ?, 
n,  and  y  for  each  tunnel.  These  parameters  are  required  by  Heyson's  equa¬ 
tions  to  compute  the  interference  factors  for  the  wing. 
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The  vertical  induced  velocity  wq/Wj  is  needed  for  Heyson's  method7  in  order 

to  find  the  vertical  and  horizontal  interference  velocities  due  to  the  in¬ 
duced  upvash.  It  is  difficult,  however,  to  obtain  wq/v^  with  satisfactory 

accui rcy  from  Heyson's  Figure  6  for  the  range  in  values  of  D/L  and  V/w. 

n 

used  in  this  study.  Because  of  this,  a  portion  of  Heyson's  figure  is  re¬ 
plotted  in  Figure  72  to  a  larger  scale  in  order  to  obtain  more  accurate 
values  of  the  induced  velocity.  The  skew  angle  x  can  then  be  found  from 
Figure  73. 

The  Ames  tunnel  has  semicircular  sidewalls  and  does  net  match  the  rectan¬ 
gular  cross  section  assumed  in  Heyson's  analysis.  It  As  felt  that  this  dis¬ 
crepancy  is  not  significant,  since  the  parallel  floor  end  ceiling  extend 
laterally  5  feet  beyond  the  wing.  Also,  the  comparison  of  interference 
factors  for  a  rectangular  tunnel  and  a  floor-only  tunnel  indicated  a  small 
change  in  induced  value.  Thus,  the  correction  for  sidewall  cuivature  can 
be  expected  to  be  insignificant.  An  equivalent  rectangular  tunnel  was 
determined  using  the  test  section  height  and  area.  The  parametric  values 
were  then  computed,  and  the  three  closest  tabular  values  for  tunnel  width- 
to-heignt  ratio  were  applied  by  use  of  the  three-point  Lagrangian  interpola¬ 
tion  formula.  The  lateral  distribution  correction  for  two  fans  was  also 
applied,  resulting  in  the  summary  of  interference  factors  presented  in 
Figures  74,  75,  and  7 6.  These  figures,  respectively,  are  used  to  find  the 
well  corrections  for  the  Ames  tail-off,  GD/Convair,  and  Ames  tail-on  data. 

Preliminary  calculations  were  conducted  for  both  test  series  in  order  to 
determine  the  magnitude  of  the  corrections  involved.  A  sample  calculation 
for  the  GD/Convair  test  series  at  high  lift,  90-ft/sec  tunnel  speed,  and 
zero  louver  stagger  and  vector  angles  was  made.  The  correction  to  angle 
of  attack  was  0.45  degree.  It  is  convenient  to  think  in  terms  of  an  in¬ 
cremental  angle-of-attack  correction  implying  the  magnitude  of  the  correc¬ 
tion  to  lift  and  drag  coefficients .  But  one  must  keep  in  mind  that  the 
only  true  indication  of  the  correction  is  the  coefficient  value  versus 
angle  of  attack  corrected  and  uncorrected  at  the  same  angle  of  attack. 

The  corrections  for  the  l/6-scale  coefficients  were  found  to  be  less  than 
1  percent,  which  is  well  within  the  accuracy  of  the  data.  Thus,  wind 
tunnel  wall  effects  for  the  1/6-scale  data  have  been  ignored.  Similarly, 
some  of  the  data  for  one  of  the  Ames  series  tests  were  examined.  The  in¬ 
cremental  induced  angle  of  attack  was  1.29  de(  ees.  Lift  and  drag  coef¬ 
ficients  were  then  adjusted  to  the  s-one  angle  of  attack  and  found  to  be 
4  percent  different.  This  error  was  felt  to  be  of  sufficient  magnitude 
that  a  representative  group  of  Ames  data  should  be  corrected  to  determine 
if  improved  correlation  is  obtained. 
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Figure  72.  Values  of  the  Vertical  Induced  Velocity  for  Various  Values 
of  D/L  as  a  Function  of  Forward  Velocity. 
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CALCULATION  PROCEDURE  TO  DETERMINE  WIND  TUNNEL 
WALL  EFFECT  CORRECTIONS 


A  detailed  step-by-step  wall  correction  procedure  is  presented  by  Hey son  in 
Reference7,  and  the  procedure  is  repeated  below  with  the  proper  geometric 
values  and  parameters  used  for  the  subject  Data  Correlation  Study.  The 
interference  factors  used  below  were  obtained  as  discussed  in  the  body  of 
this  appendix.  The  wall  correction  calculations  utilize  data  taken  from 
Ames  Test  173  (run  12,  pojnt  20). 

The  following  characteristics  of  the  model  and  wind  tunnel  (closed)  are 
assumed: 


Y=  1.78  n  .=  1.00 

C=  1.00  A  -  A^,  =  42.6  sq  ft 

3  m  7? 

n=  0.75,  1.25  Aj  =  2,656  sq  ft 

The  conditions  and  results  of  the  test  were: 

a  =  0°  q  =  21.29  lb/sq  ft;  and  V  =  L40.3 

ft/sec 

L  =  7.320  lb  T  =  0.8546 

D  =  2,916  lb  p=  0.002163  slug/cu  ft 

T  /A  =  125.10  lb/sq  fz 
000'  '  u 

The  wall  effect  calculations  then  proceed  as  follows  (all  equations  are 
from  Reference  7  unless  otherwise  noted) : 

D/L  =  2,916/7,320  =  0.398 

From  Equation  (35), 


w.  =  -/L/^Pk  =  -^7, 320/(1. 0)  (0.002163)  (42. 6)  =  -281.85 

171  _ .  / 

ft/sec 


V/wh  =  140.3/-281.85  =  -0.498 


From  Figure  72  (which  is  plotted  from  Equation  (36)), 

w  /w  =  C.996 
o'  h 
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From  Figure  73, 


X  =  7 

From  Reference  32,  Equation  (3), 

Xeff  =  (X+  90°)/2  =  48. 5° 


v/vQ  =  (v/wh)/(vQ/wh)  =  (-o.498)/(o.996)  =  -0.500 


Since  (-V/wq)  >  D/L,  then  X  is  positive  (directed  rearward).  From  Figure 

74  }  which  was  interpolated  from  References  34  and  35  for  4  =  1.0  and 
n  =  0.75  &  1.25, 


<Xl  -  -°-56 


‘u,L  -  °-58 


‘v,D  -  -°'39 


‘»,D  *  °-19 


From  Equation  (44), 


=  (An/AT)/(v/wo)  =  (42.6/2,856)71-0.500)  =  -0.030 


From  Equation  (45), 


Mu/MT  =  (VV  (DA-)  =  (-0*030)  (0.398)  =  -0.012 


From  Equations  (40)  to  (43), 

Awl/V  =  6WjL(Mw/Mt)  =  (-0.56)  (-0.030)  =  0.017 

AUL/V  =  6u,L(W  =  (G>58)  (-°-03°)  “  “0.017 

AVV  =  6w,D{VI4T)  =  (“0.012)  =  0.005 

Aud/V  =  6u,D(Mu/Mt)  =  (°*19)  (-0-012)  =  “°-002 

From  Equations  (46)  and  (47), 

Av/V  =  (aw  /V)  +  (Aw yv)  =  0.017  +  0.005  =  0.022 

Au/V  =  (AUj/V)  +  (avu/V)  --  -0.017  -  0.002  =  -0.019 


From  Equation  (4813), 


Aa=  tan 


From  Equation  (48a), 


-1 


Aw/V 

1  +  (Au/V) 


=  tan 


-1 


0.022/(1-0.019) 


=  1.29° 


=AQ'+  a  =  1.29°  +  0°  =  1.29° 


<lc/q  = 


l  +  (au/v ) 


AW/V 


1-0.019 


.12 


0.022J  =  0. 
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q„  =  (q7q)q  =  (0-963)  (21.29)  =  20.50  lb/sq  ft 


qSc  =  0C  +  (Tqoo/a)  =  20*5°  +  125*10  =  145.60  lb/sq  ft 


(TcS)c  =  (Tooo/A)/qSc  =  125‘ 10/145*60  =  0.8592 

From  Equations  (50a,  b), 

Lc  =  L  cos  a  a-  D  sinAff=  (7,320)  (0,9997)  -  (2,916)  (0.0225) 
=  7,252  lb 

Dc  =  L  sinAo-  +  D  cosA»  =  (7,320)  (0.0225)  +  (2,9l6)  (0*9997) 
=  3,080  lb 

(CLS)c  =  VqScAm  =  7,252/(145*60)  (42.6)  =  1.169 


(CDS)c  =  VqScAm  =  3,080/(145*60)  (42.6)  =  0.497 


Heyson  presents  some  equations  for  correcting  the  pitching  moment  coeffi¬ 
cient  in  one  of  his  documents33.  One  of  his  equations  (155)  is  in  the  body 
of  this  appendix,  although  it  has  been  changed  1.'  slipstream  notation.  The 
slipstream  pitching  moment  coefficient  is  not  corrected  for  wall  effects  in 

this  report;  instead.it  is  plotted  against  the  corrected  angle  of  attack  a  . 

c 
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